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Preface 


The thirteenth edition of Grob’s Basic Electronics provides students and instructors 
with complete and comprehensive coverage of the fundamentals of electricity and 
electronics. The book is written for beginning students who have little or no experi- 
ence and/or knowledge about the field of electronics. A basic understanding of 
algebra and trigonometry is helpful since several algebraic equations and right- 
angle trigonometry problems appear throughout the text. 

The opening material in the book, titled “Introduction to Powers of 10,” 
prepares students to work with numbers expressed in scientific and engineering 
notation as well as with the most common metric prefixes encountered in electron- 
ics. Students learn how to add, subtract, multiply, divide, square, and take the square 
root of numbers expressed in any form of powers of 10 notation. 

Chapters 1 through 12 cover the basics of atomic structure, voltage, current, 
resistance, the resistor color code, Ohm’s law, power, series circuits, parallel cir- 
cuits, series-parallel (combination) circuits, voltage and current dividers, analog and 
digital meters, Kirchhoff’s laws, network theorems, wire resistance, switches, insu- 
lators, primary and secondary cells, battery types, internal resistance, and maximum 
transfer of power. The first 12 chapters are considered DC chapters because the 
voltages and currents used in analyzing the circuits in these chapters are strictly DC. 

Chapters 13 through 27 cover the basics of magnetism, electromagnetism, relays, 
alternating voltage and current, capacitance, capacitor types, capacitive reactance, 
capacitive circuits, inductance, transformers, inductive reactance, inductive circuits, 
RC and L/R time constants, real power, apparent power, power factor, complex num- 
bers, resonance, filters, and three-phase AC power systems. Chapters 13—27 are 
considered the AC chapters since the voltages and currents used in analyzing the 
circuits in these chapters are primarily AC. 

Chapters 28 through 34 cover the basics of electronic devices, which include 
semiconductor physics, diode characteristics, diode testing, half-wave and full-wave 
rectifier circuits, the capacitor input filter, light-emitting diodes (LEDs), zener 
diodes, bipolar junction transistors, transistor biasing techniques, the common- 
emitter, common-collector, and common-base amplifiers, JFET and MOSFET char- 
acteristics, JFET amplifiers, MOSFET amplifiers, class A, class B and class C 
amplifiers, diacs, SCRs, triacs, UJTs, op-amp characteristics, inverting amplifiers, 
noninverting amplifiers, and nonlinear op-amp circuits. These seven additional 
chapters covering electronic devices may qualify this text for those who want to 
use it for DC fundamentals, AC fundamentals, as well as electronic devices. 

Appendixes A through G serve as a resource for students seeking additional infor- 
mation on topics that may or may not be covered in the main part of the text. Appen- 
dix A provides a comprehensive list of electrical quantities and their symbols. It also 
includes a listing of the most popular multiple and submultiple units encountered in 
electronics as well as a listing of all the Greek letter symbols and their uses. Appen- 
dix B provides students with a comprehensive overview of solder and the soldering 
process. Appendix C provides a list of preferred values for resistors. The list of pre- 
ferred values shows the multiple and submultiple values available for a specified 
tolerance. Appendix D provides a complete listing of electronic components and 
their respective schematic symbols. Appendix E provides students with an introduc- 
tion on how to use an oscilloscope. Both analog and digital scopes are covered. 
Appendix F provides an extensive overview on the use of Multisim, which is an 
interactive circuit simulation software package that allows students to create and test 


xix 


XX 


electronic circuits. Appendix F introduces students to the main features of Multisim 
that directly relate to their study of DC circuits, AC circuits, and electronic devices. 
Appendix G provides thorough coverage of the damaging effects of electrostatic 
discharge (ESD). It also discusses the proper techniques and procedures to follow to 
prevent ESD from damaging sensitive electronic components and assemblies. 


What’s New in the Thirteenth Edition 
of Grob’s Basic Electronics? 


The thirteenth edition continues to provide complete and comprehensive coverage 
of the basics of electricity and electronics. Several sections throughout the book 
have been updated to reflect the latest changes in the field of electronics, and new 
photos and illustrations have been added and/or replaced throughout the book, giv- 
ing it a fresh, new look. Significant changes are outlined below. 

A new section, “Electric Shock—Dangers, Precautions and First Aid,” has 
been added. Detailed coverage of the dangers associated with electricity and elec- 
tronic circuits is provided in this section. A guideline of safe practices for students 
to follow in a laboratory setting has also been included. This section also outlines 
the first aid and medical treatment procedures a person should follow if assisting 
someone who has experienced an electric shock. 

Real-World Applications appearing throughout the book have been increased. 
These Real-World Applications validate the importance of the topics discussed 
within a given chapter. 


e Chapter 1, Electricity: A new section, “Application in Understanding 
Alternative and Renewable Energy,” has been added. This section 
defines alternative and renewable energy and discusses the basics of two 
common types, wind and solar energy. It also discusses the benefits and 
limitations of solar and wind energy. 

e Chapter 2, Resistors: A new section, “Application in Understanding 
Varistors and Surge Protectors,” has been added. In this section, the 
characteristics and ratings of metal-oxide varistors (MOVs) are 
thoroughly examined. Furthermore, this section explains how MOVs are 
used in surge protectors to prevent voltage spikes (power surges) from 
damaging sensitive electronic equipment plugged into the 120 V AC 
power line. 

e Chapter 8, Analog and Digital Multimeters: A new section, 
“Application in Understanding Clamp-On Ammeters,” has also been 
added. In this section, the controls, keys, and features of a typical 
clamp-on ammeter are discussed. Also discussed is the technique for 
using an AC line-splitter to measure the AC current in a power cord 
without splitting the conductors and/or breaking open the circuit. 

e Chapter 15, Alternating Voltage and Current: New information on 
ground-fault circuit interrupters (GFCIs) has been added to the section 
“Application in Understanding the 120-V Duplex Receptacle.” The 
basic operation, methods of testing, and safety benefits of GFCIs are 
thoroughly covered. 


A new chapter, “Three Phase AC Power Systems,” has been added. This chapter 
provides in-depth coverage of both wye (Y)- and delta (A)-connected three-phase 
AC generators. In this chapter, the relationship between the phase voltages and line 
voltages as well as the phase currents and line currents are thoroughly explained for 
a typical three-phase AC circuit. Also included are the four possible source/load 
configurations in three-phase AC power systems. The voltage, current, and power 
calculations for these configurations are thoroughly covered in this chapter. And 
finally, the advantages of using three-phase AC power versus single-phase AC 
power are explained in detail. 
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New appendix covering electrostatic discharge, abbreviated ESD. 
“Appendix G—Electrostatic Discharge (ESD)” provides detailed coverage of the 
causes of ESD as well as its damaging effects. Most importantly, this appendix 
provides detailed information on how to prevent the build-up of ESD and in turn 
how to prevent ESD from damaging sensitive electronic components and 
assemblies. 


Other Significant Changes: 


e Chapter 1, Electricity: A small section has been added regarding the 
magnetic field surrounding a current-carrying conductor. 
e Chapter 11, Conductors and Insulators: A new section has been added 
on fuse ratings. 
e Chapter 33, Thyristors: Several additions and/or clarifications were 
made regarding DIACs, SCRs, and TRIACs. 
Many of the features from the previous editions have been retained for this edi- 
tion. For example, the “Lab Application Assignments” at the end of each chapter 
and the MultiSim activities embedded within each chapter still remain. These 
features have and will continue to be a benefit to those students and instructors 
using the book. 


Ancillary Package 


The following supplements are available to support Grob’s Basic Electronics, 
thirteenth edition. 


Problems Manual for Use with Grob’s Basic Electronics 


This book, written by Mitchel E. Schultz, provides students and instructors with 
hundreds of additional practice problems for self-study, homework assignments, 
tests, and review. The book is organized to correlate with the first 27 chapters of 
the textbook, including the Introduction to Powers of 10 chapter. Each chapter 
contains a number of solved illustrative problems demonstrating step-by-step how 
representative problems on a particular topic are solved. Following the solved 
problems are sets of problems for the students to solve. The changes in the thir- 
teenth edition include a new section on switches and switch applications in 
chapter 11, Conductors and Insulators. Also new to this edition is a brand-new 
chapter (chapter 27) on three-phase AC power systems. Included at the end of 
each chapter is a brief true/false self-test. The Problems Manual is a must-have for 
students requiring additional practice in solving both DC and AC circuits. It is 
important to note that this book can be used as a supplement with any textbook 
covering DC and AC circuit theory. 


Experiments Manual for Grob’s Basic Electronics 


This lab manual provides students and instructors with easy-to-follow laboratory 
experiments. The experiments range from an introduction to laboratory equip- 
ment to experiments dealing with operational amplifiers. New to this edition is an 
experiment involving the Y-Y configuration in three-phase AC power systems. All 
experiments have been student tested to ensure their effectiveness. The lab book 
is organized to correlate with the topics covered in the text, by chapter. 

All experiments have a Multisim activity that is to be done prior to the actual 
physical lab activity. Multisim files are part of the Instructor’s Resources on 
Connect. This prepares students to work with circuit simulation software, and also 
to do “pre-lab” preparation before doing a physical lab exercise. Multisim cover- 
age also reflects the widespread use of circuit simulation software in today’s 
electronics industries. 
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McGraw-Hill Create™ 


Craft your teaching resources to match the way you teach! With McGraw-Hill Cre- 
ate, http://create.mheducation.com, you can easily rearrange chapters, combine 
material from other content sources, and quickly upload content you have written, 
such as your course syllabus or teaching notes. Find the content you need in Create 
by searching through thousands of leading McGraw-Hill textbooks. Arrange your 
book to fit your teaching style. Create even allows you to personalize your book’s 
appearance by selecting the cover and adding your name, school, and course infor- 
mation. Order a Create book and yow’ll receive a complimentary print review copy 
in three to five business days or a complimentary electronic review copy (eComp) 
via e-mail in minutes. Go to http://create.mheducation.com today and register to 
experience how McGraw-Hill Create empowers you to teach your students your 
way. 
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Affordability & Outcomes = Academic Freedom! 


You deserve choice, flexibility, and control. You know what’s best for your students 
and selecting the course materials that will help them succeed should be in your hands. 


That’s why providing you with a wide range of options 
that lower costs and drive better outcomes is our highest priority. 


Students—study more efficiently, retain more, 
and achieve better outcomes. Instructors—focus 
on what you love—teaching. 


They'll thank you for it. 


Study resources in Connect help your students be 
better prepared in less time. You can transform your 
class time from dull definitions to dynamic discussion. 
Hear from your peers about the benefits of Connect at 
www.mheducation.com/highered/connect/smartbook 
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Connect makes it easy with seamless integration using E 
any of the major Learning Management Systems— 
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organize your course in one convenient location. Give Bundles 
your students access to digital materials at a discount A full array of Sard 
with our inclusive access program. Ask your McGraw-Hill —)\ affordable & effective 
representative for more information. f solutions 
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Learning for everyone. i Inclusive 


Access 


McGraw-Hill works directly with Accessibility Services Zo 
Departments and faculty to meet the learning needs of all E J E 
students. Please contact your Accessibility Services office = 


and ask them to email accessibility@mheducation.com, or 


visit www.mheducation.com/about/accessibility.html for asc si iat 
more information. Purchase 


Go Digital Get Print 


Rent It 
A full and flexible range of Students who purchase 
affordable digital solutions digital materials can get 
ranging from Connect, a loose-leaf print version 
ALEKS, inclusiveaccess,mobile at a significantly reduced 
apps, OER, and more. rate to meet their individual 
preferences and budget. 


Affordable print and digital 
rental options through our 
partnerships with leading 
textbook distributors including 
Amazon, Barnes & Noble, 
Chegg, Follett, and more. 


Before you read... 


Chapter Introductions briefly outline 
the main chapter topics and concepts. 


Introduction to 
Powers of 10 


Chapter Outlines guide you through 
the material in the chapter ahead. The 
outlines breakdown the individual topics 
covered, and each outline is tied to a 
main heading to emphasize important he electrical quantities you will encounter while working in the field of 


topics throughout the chapter. electronics are often extremely small or extremely large. For example, it is 
` not at all uncommon to work with extremely small decimal numbers such as 
0.000000000056 or extremely large numbers such as 1,296,000,000. To enable us 


to work conveniently with both very small and very large numbers, powers of 10 


notation is used. With powers of 10 notation, any number, no matter how small or 


1-1 Negative and Positive Polarities 1-8 The Closed Circuit 
1-2 Electrons and Protons in the Atom 1-9 The Direction of Current 
1-3 Structure of the Atom 1-10 Direct Current (DC) and Alternating 


TA TheGadebWitticiiztaie nap Gar) 


1-11 Sources of Electricity 
1-12. The Digital Multimeter 


1-5 The Volt Unit of Potential Difference 
1-6 Charge in Motion Is Current 


1-7 Resistance Is Opposition to Current 


After studying this chapter, you should be able to 


G neno ee epa Taane C Dri E NEEE ENEE Chapter Objectives organize and 
charge. current. < ane Mies 
D IE E ETAN A E E highlight the key concepts covered within 
m Define the terms conductor, insulator, and the unit of each. the chapter text. 
semiconductor and give examples of each m Listthree important characteristics of an 
term. electric circuit. 
@ Define the coulomb unit of electric charge. m Define the difference between electron flow 
m Define potential difference and list its unit of and conventional current. 
measure. m Describe the difference between direct and 
m Define current and list its unit of measure. alternating current. 


alternating current conductor electron valence ohm 

(Ac) a alone EE Important Terms help students 
Kopae coulomb frec electron proton <—+——_ identify key words at the beginning of 
atom current insulator resistance . 
atomic number dielectric ion semiconductor each chapter. They are defined in the 
circuit direct current (DC) molecule siemens . 
compound electron neutron static electricity text, at the end of the chapter, and in the 
conductance 


electron flow nucleus volt glossary. 
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While you read... 


Pioneers in Electronics offer 
background information on the scientists 
and engineers whose theories and 
discoveries were instrumental in the 
development of electronics. 


Good to Know boxes provide 
additional information in the margins of 
the text. 


Section Self-Reviews allow students to 
check their understanding of the material 
just presented. They are located at the 
end of each section within a chapter, 
with answers at the end of the chapter. 


PIONEERS 


>N ELECTRONICS 


French natural philosopher Charles- 
Augustin Coulomb (1736-1806) 


developed a method for measuring 


the force of attraction and 
repulsion between two electrically 
charged spheres. Coulomb 
established the law of inverse 
squares and defined the basic unit 


of charge quantity, the coulomb. 


= GOOD TO KNOW 


As an aid for determining the 
added charge (+Q) to a neutral 
dielectric, use the following 


equation: 


£0 = Number of aleti orrae omens 


5 x 10" electrons/C 


Figure 1-5 Physical force between electric charges. (a) Opposite charges attract. (b) Two 
negative charges repel each other. (c) Two positive charges repel 


Opposite Like — Like + 

charges charges charges 

attract repel repel 
(o) (b) 


co) 


repel in Fig. 1-5b, and two positive charges of the same value repel each other in 
Fig. 1-5c. 


Polarity of a Charge 


An electric charge must have either negative or positive polarity, labeled —Q or +Q, 
with an excess of either electrons or protons. A neutral condition is considered zero 

e. consider the following examples, remembering that the elec- 
tron is the basic particle of charge and the proton has exactly the same amount, 
although of opposite polarity. 


Example 1-1 


A neutral dielectric has 12.5 x 10" electrons added to it. What is its charge in 
coulombs? 


ANSWER This number of electrons is double the charge of 1 C. Therefore, 
-9=2C. 


GOOD TO KNOW 


Electricity is a form of energy, 
where energy refers to the ability 
to do work. More specifically, 
electrical energy refers to the 


energy associated with electric 


E 7-1 Self-Review 


Answers at the end of the chapter. 


a. Is the charge of an electron positive or negative? 
Is the charge of a proton positive or negative? 

c. Isit true or false that the neutral condition means equal positive and 
negative charges? 


charges. 


1-2 Electrons and Protons in the Atom 

Although there are any number of possible methods by which electrons and protons 
might be grouped, they assemble in specific atomic combinations for a stable 
arrangement. (An atom is the smallest particle of the basic elements which forms 


Examples throughout the text expand 
on key concepts and offer students a 
deeper understanding of complex 
material. 


Multisim Icons, identify circuits for 
which there is a Multisim activity. 
Multisim files can be found on the 
Instructor Resources section for 


Connect. 


Guided Tour 


a voltage source. (a) Voltage output is the 
potential difference between the two 
terminals. (b) Schematic symbol of any 
DC voltage source with constant polarity. 
Longer line indicates positive side. 


(o) 


> PEN Figurel-8 Chemical cell as 


then, is a voltage source, or a source of electromotive force (emf). The schematic 
symbol for a battery or DC voltage source is shown in Fig. 1-8b. 

Sometimes the symbol E is used for emf, but the standard symbol V represents 
any potential difference. This applies either to the voltage generated by a source or 
to the voltage drop across a passive component such as a resistor. 

It may be helpful to think of voltage as an electrical pressure or force. The higher 
the voltage, the more electrical pressure or force. The electrical pressure of voltage is 
in the form of the attraction and repulsion of an electric charge, such as an electron. 

The general equation for any voltage can be stated as 

WwW 
V= Q (1-1) 
where Vis the voltage in volts, W is the work or energy in joules, and Q is the charge 
in coulombs. 
Let's take a look at an example. 


Example 1-5 


What is the output voltage of a battery that expends 3.6 J of energy in moving 
0.5 C of charge? 


ANSWER Use equation 1-1. 
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After you’ve read... 


Application of Ohm’s Law and Power Formulas 


HOME APPLIANCES 

Every electrical appliance in our home has a nameplate attached 
to it. The nameplate provides important information about the 
appliance such as its make and model, its electrical specifications 
and the Underwriters Laboratories (UL) listing mark. The 
nameplate is usually located on the bottom or rear-side of the 
appliance. The electrical specifications listed are usually its 
power and voltage ratings. The voltage rating is the voltage at 
which the appliance is designed to operate. The power rating is 
the power dissipation of the appliance when the rated voltage is 
applied. With the rated voltage and power ratings listed on the 
nameplate, we can calculate the current drawn from the 
appliance when it’s being used. To calculate the current (/) simply 
divide the power rating (P) in watts by the voltage rating (V) 
in volts. As an example, suppose you want to know how much 
current your toaster draws when it’s toasting your bread. To 
find the answer you will probably need to turn your toaster 


rating of 120 V and a power rating of 850 W, the current drawn 
by the toaster is calculated as follows; 


Some appliances in our homes have a voltage rating of 240 V 
rather than 120 V. These are typically the appliances with very 
high power ratings. Some examples include: electric stoves, 
electric clothes dryers, electric water heaters, and air 
conditioning units. These appliances may have power ratings as 
high as 7.2 kW or more. The reason the higher power appliances 
have a higher voltage rating is simple. At twice the voltage you 
only need half the current to obtain the desired power. With half 
as much current, the size of the conductors connecting the 
appliance to the power line can be kept much smaller. This is 
important because a smaller diameter wire costs less and is 
physically much easier to handle 


Each chapter concludes with a 
Summary, a comprehensive recap 
of the major points and takeaways. 


Real-world applications bring to 
life the concepts covered in a specific 
chapter. 


Summary 


Electricity is present in all matter in 


the form of electrons and protons. 


Related Formulas are a quick, easy 
way to locate the important formulas 


from the chapter. 


> The electron îs the basic particle 
of negative charge, and the proton 
is the basic particle of positive 
charge. 


A conductor is a material in which 


atom to the next. 


An insulator is a material in which 
electrons tend to stay in their own 


dielectric. 


The atomic number of an element 
gives the number of protons in the 


electrons can move easily from one 


orbit. Another name for insulator is 


nucleus of the atom, balanced by an 


One coulomb (C) of charge is a 
quantity of electricity 
corresponding to 6.25 x 10" 
electrons or protons. The symbol for 
charge is Q. 

Potential difference or voltage is an 
electrical pressure or force that 
exists between two points. The unit 
of potential difference is the volt (V). 
1V= 2 In general, V= a 


Current is the rate of movement of 
electric charge. The symbol for 
current is /, and the basic unit of 
measure is the ampere (A). 
14=16 a 


1c 
TE In general, / 


An electric circuit is a closed path 
for current flow. A voltage must be 
connected across a circuit to 
produce current flow. In the 

Jit outside the voltage 
source, electrons flow from the 
negative terminal toward the 
positive terminal 


external c 


A motion of positive charges, in the 
opposite direction of electron flow, 
is considered conventional current. 


Voltage can exist without current, 
but current cannot exist without 
voltage 

Direct current has just one direction 
because a DC voltage source has 


Related Formulas 


Multiple-Choice Self-Tests at the 
end of every chapter allow for quick 
learning assessment. 


1 C=6.25 x 10" electrons 
> 
We 
YH) 
1=Q/T 


Self-Test 


Answers at the back of the book. 


1. The most basic particle of negative 
charge is the 


a. coulomb. 
b. electron 


c. proton 


> d. neutron 


2. The coulomb is a unit of 


a. electric charge. 
b. potential difference 


current. 


n 


a 


voltage. 


Q=IxT 
R=1/G 
G=1/R 


. The electron valence of a neutral 


copper atom is 
a+. 

b. 0. 

c. +4. 

d.—1. 


. The unit of potential difference is 


the 
a. volt. 
b. ampere. 


siemens. 


n 


a 


coulomb 


7. In a metal conductor, such as a 


copper wire, 


v 


positive ions are the moving 
charges that provide current. 


fa 


free electrons are the moving 
charges that provide current. 


there are no free electrons. 


a 


a 


none of the above. 


. A100-Q resistor has a conductance, 


G of 
a. 0.01 S. 
b.0.1S 

c. 0.001 S. 


Essay Questions 


1. Name two good conductors, two good insulators, and 
two semiconductors. 


2. Ina metal conductor, what is a free electron? 


3. What is the smallest unit of a compound with the same 
chemical characteristics? 


4. Define the term ion 


5. How does the resistance of a conductor compare to that 


of an insulator? 


6. Explain why potential difference is necessary to produce 


current in a circuit. 


7. List three important characteristics of an electric 
circuit. 
8. Describe the difference between an open circuit and a 
short circuit. 
9. |s the power line voltage available in our homes a DC or 
an AC voltage? 
10. Whatis the mathematical relationship between 
resistance and conductance? 
11. Briefly describe the electric field of a static charge. 
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The Essay Questions at the end of 


each chapter are great ways to spark 
classroom discussion, and they make 
great homework assignments. 


Guided Tour 


End-of-Chapter Problems, 
organized by chapter section, provide 
another opportunity for students to 
check their understanding, and for 
instructors to hone in on key concepts. 


Critical Thinking Problems for each 
chapter provide students with more 
challenging problems, allowing them to 
polish critical skills needed on the job. 


Problems 


SECTION 1-4 THE COULOMB UNIT OF ELECTRIC 
CHARGE 
1-1 If 31.25 x 10" electrons are removed from a 
neutral dielectric, how much charge is stored in 
coulombs? 


1-2 If 18.75 x 10'* electrons are added to a neutral 
dielectric, how much charge is stored in coulombs? 


1-3 A dielectric with a positive charge of +5 C has 18.75 x 
10'ë electrons added to it. What is the net charge of the 
dielectric in coulombs? 


1-4 If 93.75 x 10'* electrons are removed from a 
neutral dielectric, how much charge is stored in 
coulombs? 


1-5 If 37.5 x 10" electrons are added to a neutral 
dielectric, how much charge is stored in coulombs? 


SECTION 1-5 THE VOLT UNIT OF POTENTIAL 
DIFFERENCE 


1-6 What is the output voltage of a battery if 10 J of energy 
is expended in moving 1.25 C of charge? 


1-7 What is the output voltage of a battery if 6 J of energy is 
expended in moving 1 C of charge? 


1-8 What is the output voltage of a battery if 12 J of energy 
is expended in moving 1 C of charge? 


1-9 How much is the potential difference between two 
points if 0.5 J of energy is required to move 0.4 C of 
charge between the two points? 


1-10 How much energy is expended, in joules, if a voltage 
of 12 V moves 1.25 C of charge between two 
points? 


Critical Thinking 


1-23 Suppose that 1000 electrons are removed from a 
neutral dielectric. How much charge, in coulombs, is 
stored in the dielectric? 


1-24 How long will it take an insulator that has a charge 
of +5 C to charge to +30 C if the charging current 
is2A? 


SECTION 1-6 CHARGE IN MOTION IS CURRENT 


1-11 A charge of 2 C moves past a given point every 0.5 s. 
How much is the current? 


1-12 A charge of 1 C moves past a given point every 0.1 s. 
How much is the current? 


1-13 A charge of 0.05 C moves past a given point every 0.1 s. 
How much is the current? 


1-14 A charge of 6 C moves past a given point every 0.3 s. 
How much is the current? 


1-15 A charge of 0.1 C moves past a given point every 0.01 s. 
How much is the current? 


1-16 If a current of 1.5 A charges a dielectric for 5 s, how 
much charge is stored in the dielectric? 


1-17 If a current of 500 mA charges a dielectric for 2s, how 
much charge is stored in the dielectric? 


1-18 If a current of 200 pA charges a dielectric for 20 s, how 
much charge is stored in the dielectric? 


SECTION 1-7 RESISTANCE IS OPPOSITION TO 
CURRENT 


1-19 Calculate the resistance value in ohms for the following 
conductance values: (a) 0.001 S (b) 0.01 S (c) 0.1 S (d) 1 S. 


1-20 Calculate the resistance value in ohms for the following 
conductance values: (a) 0.002 S (b) 0.004 S (c) 0.00833 
S (d) 0.25S 


Calculate the conductance value in siemens for each of 
the following resistance values: (a) 200 Q (b) 100 Q 
©50Q (0) 25 Q. 


q 
N 


1-22 Calculate the conductance value in siemens for each of the 
following resistance values: (a) 1 Q (b) 10k Q (0940 Q 
(d) 0.5 Q 


1-25 Assume that 6.25 x 10" electrons flow past a given 
point in a conductor every 10 s. Calculate the current / 
in amperes. 


1-26 The conductance of a wire at 100°C is one-tenth its 
value at 25°C. If the wire resistance equals 10 Q at 25°C 
calculate the resistance of the wire at 100°C. 


Laboratory Application Assignment 


In your first lab application assignment you will use a DMM to 
measure the voltage, current, and resistance in Fig. 1-22. 
Refer to Section 1—12, “The Digital Multimeter,” if necessary. 


Equipment: Obtain the following items from your instructor. 
+ Variable de power supply 

+ 14Q, %W resistor 

+ DMM 

* Connecting leads 


Measuring Voltage 


Set the DMM to measure DC voltage. Be sure the meter leads 
are inserted into the correct jacks (red lead in the VQ jack and 
the black lead in the COM jack). Also, be sure the voltmeter 
range exceeds the voltage being measured. Connect the 
DMM test leads to the variable DC power supply as shown in 
Fig. 1-22a. Adjust the variable DC power supply voltage to any 
value between 5 and 15 V. Record your measured voltage. 
Note: Keep the power supply voltage set to 
this value when measuring the current in Fig. 1-22c. 


Measuring Resistance 


Disconnect the meter leads from the power supply terminals. 
Set the DMM to measure resistance. Keep the meter leads in 
the same jacks you used for measuring voltage. Connect the 
DMM test leads to the leads of the 1 kQ resistor, as shown in 
Fig. 1-22b. Record your measured resistance. 

R (The measured resistance will most likely be 
displayed as a decimal fraction in kQ.) 


Measuring Current 


Set the DMM to measure DC current. Also, move the red test 
lead to the appropriate jack for measuring small DC currents 
(usually labeled mA). Turn off the variable DC power supply. 
Connect the red test lead of the DMM to the positive (+) 
terminal of the variable DC power supply as shown in Fig. 
1—22c. Also, connect the black test lead of the DMM to one lead 
of the 1 kQ resistor as shown. Finally, connect the other lead of 
the resistor to the negative (—) terminal of the variable DC 
power supply. Turn on the variable DC power supply. Record 
your measured current. 

t= 


Figure 1-22 Measuring electrical quantities. (a) Measuring voltage. (b) Measuring resistance. (c) Measuring current. 


(red) — (red) „~ (black) 


R 


Qom 1e 


Variable DC È 
power supply = 


q=] 


DMM a 
D] Variable DC H rena 
power supply = 


(black) (b) Measuring resistance. 


(o) Measuring voltage. 


(€) Measuring current. 


Laboratory Application 


Assignments, reinforce one or more 


of the chapters main topics by asking 
students to build and test circuits in a 


laboratory environment. 


Troubleshooting Challenge 


Troubleshooting Challenges appear 
in selected chapters to give students a 
feel for troubleshooting real circuits, 
again providing real-world applications of 
chapter content. 


Guided Tour 


V, and V, are shown on schematic. 


Table 4—1 shows voltage measurements taken in Fig. 4-50. The first row shows the normal values that exist when the circuit is 
operating properly. Rows 2 to 15 are voltage measurements taken when one component in the circuit has failed. For each row, 
identify which component is defective and determine the type of defect that has occurred in the component. 


Figure 4-50 Circuit diagram for Troubleshooting Challenge. Normal values for V,, Vy, V, 
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Electric Shock—Dangers, 
Precautions, and First Aid 


Electricity is a form of energy that provides an endless number of useful functions 
in our daily lives. However, no matter how useful electricity may be, it can also be 
very dangerous. Perhaps the greatest danger is from an electric shock. If a person 
comes into contact with a “live” conductor or circuit, it only takes a small amount 
of current through the human body to paralyze the victim, making it impossible for 
him or her to let go. A current in excessive of about —~ of an Ampere (A), which is 
the basic unit of current, is about all it takes. If the current approaches of an 
Ampere, or more, the shock can be fatal. The danger of electric shock increases with 
higher voltages because a higher voltage can produce more current through the skin 
and internal organs. Lower voltages, such as those associated with AA or AAA bat- 
teries, for example, can be handled with little or no danger because the resistance of 
human skin is normally high enough to keep the current well below the threshold of 
sensation. However, when a person’s skin is moist or cut, the resistance to the flow 
of current decreases drastically. When this happens, even moderate voltages can 
produce an electric shock. Therefore, safe practices must always be followed when 
working in and around electric circuits to avoid accidental electric shock, fires, and 
explosions. 


Guideline of Safe Practices 


The following is a list of safe practices that will help protect you and your fellow 
classmates while performing experiments in the laboratory. These same rules 
apply to those individuals working in industry. It is a good idea to review these 
safe practices from time to time so that you are reminded of their importance. 


1. Never work on electrical equipment and/or machinery if you are under 
the influence of either drugs or alcohol. 

2. Never work on electrical equipment and/or machinery if the lighting is 
poor or insufficient. 

3. Never work on electrical equipment and/or machinery if your shoes and/ 
or clothing are wet. 

4. Wear rubber-soled shoes or stand on an insulated mat when working on 
electrical equipment. 

5. If possible, never work alone. 

6. Avoid wearing any metal objects such as bracelets, rings, necklaces, etc., 
when working in and around electric circuits. 

7. Never assume that the power applied to a circuit is off! Either unplug the 
equipment you are working on or use a known-good meter to check for 
power. 

8. Measure voltages with one hand in your pocket or behind your back 
when possible. 

9. Do not remove safety grounds on three-prong power plugs and never use 
AC adapters to defeat the ground connection on any electrical equipment. 

10. Power cords should always be checked before use. If the insulation is 
cracked or cut, they should not be used until they are properly repaired. 
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Figure S-1 Safety glasses are required 
when soldering and/or de-soldering. 


Figure S-2 Lockout-tagout (LOTO) 


procedure used in industry. 
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Wear eye protection (safety glasses or goggles) when appropriate, 
especially when soldering, de-soldering, or clipping wires and/or wire 
leads. See Fig. S-1. 

Avoid having liquids such as water, coffee, or soda at your workstation or 
around electrical equipment or machinery in general. Liquids are 
excellent conductors of electricity and therefore increase the risk of 
electric shock. 

When possible, use a lockout-tagout (LOTO) procedure when working 
on electrical equipment and/or machinery. See Fig. S-2. Lockout-tagout 
or lock and tag is a safety procedure that is used in laboratory, industrial, 
and research settings. LOTO ensures that dangerous machines are 
properly shut off and are not able to be started up again prior to the 
completion of maintenance or repair work. 

Some components, like capacitors, can store a lethal electric charge and 
should be fully discharged before repairing and/or replacing components 
or modules in an electronic system. 

Never override any safety devices, such as an interlock switch, when 
working on electrical equipment and/or machinery. An interlock switch 
(usually a micro switch) is a switch that shuts off power to components 
(motors and lamps, for example) if a machine is opened. The purpose of 
an interlock switch is to prevent injury if someone inadvertently attempts 
to open a machine while it is still powered up and running. An interlock 
switch is sometimes called a “safety switch.” 

Keep your work station or work area organized and clean. A cluttered, 
disorganized work area is hazardous. 

Be sure to secure loose-fitting clothing and ties when working near 
rotating machinery. 

Make sure you know the proper procedures and potential safety hazards 
before working on any equipment, either electrical or mechanical. 

Keep all tools and test equipment in good working condition. Be sure to 
regularly inspect the insulation on the handles of tools as well as the 
insulation on both test leads and insulated probes. 

In a laboratory or industrial setting, be sure you know the location of the 
circuit breaker panel or main power-off switch so you can turn off power 
quickly, if necessary. 

Know the location and operation of all fire alarms and fire extinguishers. 
Know the location of all emergency exits. 

Do not indulge in horseplay or practical jokes in the laboratory. 

Know the location of the first-aid kit. If an accident should occur, notify 
your instructor and/or supervisor immediately. 

Take a careful and deliberate approach to each task while working in 
the lab. 


First Aid 


The danger from an electric shock depends on 


The type of current (AC or DC) 

The amount of voltage present 

How the current traveled through the person’s body 
The person’s overall health 

How quickly the person receives treatment 


An electric shock may cause minor to severe burns or leave no visible mark at all. 
Either way, an electric current can cause internal damage, including cardiac arrest 
or other injuries. Even a small amount of electricity through the body can be fatal 
under certain circumstances. 


Electric Shock—Dangers, Precautions, and First Aid 


A person who has suffered an injury from contact with electricity should 
ALWAYS see a doctor! 

If you are trying to help a person who is suffering from an electric shock, 
follow these guidelines: 


Do not touch them if they are still in contact with the source of electricity. 
Stay at least 20 feet away from any high-voltage wires until the power has 
been turned off. 

Don’t move the person unless they are in immediate danger. 


Call 911 if the injured person experiences the following: 


Injuries from a high-voltage wire or lightning 
Severe burns 

Confusion 

Loss of consciousness 

Breathing difficulty 

Cardiac arrest 

Muscle pain and contractions 

Heart rhythm problems 

Seizures 


Take these actions immediately while waiting for medical help: 


Electric Shock—Dangers, Precautions, and First Aid 


If possible, turn off the electricity. If not, use a dry, nonconducting object 
(cardboard, plastic, or wood) to move the source away from you and the 
injured person. 

If there are no signs of circulation (breathing, coughing, or movement) 
begin CPR. 

Keep the injured person from becoming chilled. 

Cover any burned areas with a sterile gauze bandage, if possible. 
Otherwise use a clean cloth. Don’t use a towel or blanket, as the loose 
fibers can stick to the burns. 
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Grob’s Basic 
Electronics 


Introduction to 
Powers of 10 


he electrical quantities you will encounter while working in the field of 
oo are often extremely small or extremely large. For example, it is 
not at all uncommon to work with extremely small decimal numbers such as 
0.000000000056 or extremely large numbers such as 1,296,000,000. To enable us 
to work conveniently with both very small and very large numbers, powers of 10 
notation is used. With powers of 10 notation, any number, no matter how small or 
large, can be expressed as a decimal number multiplied by a power of 10. A power of 
10 is an exponent written above and to the right of 10, which is called the base. The 
power of 10 indicates how many times the base is to be multiplied by itself. For 
example, 10° means 10 x 10 x 10 and 10° means 10x 10x 10 X 10 X 10 x 10. In 
electronics, the base 10 is common because multiples of 10 are used in the metric 
system of units. 


Scientific and engineering notation are two common forms of powers of 10 notation. 
In electronics, engineering notation is generally more common than scientific 
notation because it ties in directly with the metric prefixes so often used. When a 
number is written in standard form without using any form of powers of 10 notation, 
it is said to be written in decimal notation (sometimes referred to as floating decimal 
notation). When selecting a calculator for solving problems in electronics, be sure to 


choose one that can display the answers in decimal, scientific, and engineering 
notation. E 


DH Chapter Outline 


l-1 Scientific Notation l-6 Reciprocals with Powers of 10 

l-2 Engineering Notation and Metric l-7 Squaring Numbers Expressed in Powers 
Prefixes of 10 Notation 

l-3 Converting between Metric Prefixes l-8 Square Roots of Numbers Expressed in 


P f1 tati 
l-4 Addition and Subtraction Involving E 


Powers of 10 Notation l-9 The Scientific Calculator 


l-5 Multiplication and Division Involving 
Powers of 10 Notation 


After studying this chapter, you should be able to 


Æ Express any number in scientific or = Multiply and divide numbers expressed in 
engineering notation. powers of 10 notation. 

m List the metric prefixes and their m Determine the reciprocal of a power of 10. 
corresponding powers of 10. m Find the square of a number expressed in 

Œ Change a power of 10 in engineering powers of 10 notation. 
notation to its corresponding metric prefix. m Find the square root of a number expressed 

™ Convert between metric prefixes. in powers of 10 notation. 

m Add and subtract numbers expressed in m Enter numbers written in scientific and 
powers of 10 notation. engineering notation into your calculator. 


decimal notation metric prefixes scientific notation 


engineering notation powers of 10 


Introduction to Powers of 10 3 


l-1 Scientific Notation 


Before jumping directly into scientific notation, let’s take a closer look at powers 
Table I-1 | Powers of 10 of 10. A power of 10 is an exponent of the base 10 and can be either positive or 


tive. 
1,000,000,000 = 10° vere 
100,000,000 = 10° 
10,000,000 = 10’ 
1,000,000 = 10° 
X<«——___—\- Exponent 
100,000 = 10° Base > 10 
10,000 = 10* 
1,000 =10° 
100 = 10° Positive powers of 10 are used to indicate numbers greater than 1, whereas negative 
10 = 10! powers of 10 are used to indicate numbers less than 1. Table I-1 shows the powers 
ate of 10 ranging from 107"? to 10° and their equivalent decimal values. In electronics, 


you will seldom work with powers of 10 outside this range. From Table I-1, notice 
Oj = 10" that 10° = 1 and that 10! = 10. In the case of 10° = 1, it is important to realize 
that any number raised to the zero power equals 1. In the case of 10' = 10, it is 


= 492 
SOSIE important to note that any number written without a power is assumed to have a 
OOO = 10° power of 1. 
00001 = 10 
0.00001 = 107° Expressing a Number in Scientific Notation 
0.000001 = 107° The procedure for using any form of powers of 10 notation is to write the original 


number as two separate factors. Scientific notation is a form of powers of 10 notation 


= set 
0,0000001 = 19 in which a number is expressed as a number between 1 and 10 times a power of 10. 


0.00000001 = 107° The power of 10 is used to place the decimal point correctly. The power of 10 
0.000000001 = 107° indicates the number of places by which the decimal point has been moved to the 
left or right in the original number. If the decimal point is moved to the left in the 

0.0000000001 = 107'® original number, then the power of 10 will increase or become more positive. Con- 
0.00000000001 = 107"! versely, if the decimal point is moved to the right in the original number then the 
power of 10 will decrease or become more negative. Let’s take a look at an 


=P 
0.000000000001 = 10 example. 


Example l-1 


Express the following numbers in scientific notation: (a) 3900 (b) 0.0000056. 


ANSWER (a) To express 3900 in scientific notation, write the number as a number between 1 and 10, which is 3.9 
in this case, times a power of 10. To do this, the decimal point must be shifted three places to the left. The number of 
places by which the decimal point is shifted to the left indicates the positive power of 10. Therefore, 3900 = 3.9 x 10° 
in scientific notation. 

(b) To express 0.0000056 in scientific notation, write the number as a number between | and 10, which is 5.6 in this 
case, times a power of 10. To do this, the decimal point must be shifted six places to the right. The number of places by 
which the decimal point is shifted to the right indicates the negative power of 10. Therefore, 0.0000056 = 5.6 x 10° in 
scientific notation. 


4 Introduction 


When expressing a number in scientific notation, remember the following rules: 


Rule 1: Express the number as a number between | and 10 times a power 
of 10. 


Rule 2: If the decimal point is moved to the left in the original number, make 
the power of 10 positive. If the decimal point is moved to the right in 
the original number, make the power of 10 negative. 


Rule 3: The power of 10 always equals the number of places by which the 
decimal point has been shifted to the left or right in the original 
number. 


Let’s try another example. 


Example l-2 


Express the following numbers in scientific notation: (a) 235,000 (b) 364,000,000 (c) 0.000756 (d) 0.00000000000016. 


ANSWER (a) To express the number 235,000 in scientific notation, move the decimal point five places to the left, which 
gives us a number of 2.35. Next, multiply this number by 10°. Notice that the power of 10 is a positive 5 because the decimal 
point was shifted five places to the left in the original number. Therefore, 235,000 = 2.35 x 10° in scientific notation. 

(b) To express 364,000,000 in scientific notation, move the decimal point eight places to the left, which gives us a number 
of 3.64. Next, multiply this number by 10°. Notice that the power of 10 is a positive 8 because the decimal point was shifted 
eight places to the left in the original number. Therefore, 364,000,000 = 3.64 x 10° in scientific notation. 

(c) To express 0.000756 in scientific notation, move the decimal point four places to the right, which gives us a number of 
7.56. Next, multiply this number by 10~*. Notice that the power of 10 is a negative 4 because the decimal point was shifted 
four places to the right in the original number. Therefore, 0.000756 = 7.56 x 10~*. 

(d) To express 0.00000000000016 in scientific notation, move the decimal point 13 places to the right, which gives us 
a number of 1.6. Next, multiply this number by 107'*. Notice that the power of 10 is a negative 13 because the decimal 
point was shifted thirteen places to the right in the original number. Therefore, 0.00000000000016 = 1.6 x 107" in scientific 
notation. 


Decimal Notation 


Numbers written in standard form without using any form of powers of 10 notation 
are said to be written in decimal notation, sometimes called floating decimal nota- 
tion. In some cases, it may be necessary to change a number written in scientific 
notation into decimal notation. When converting from scientific to decimal nota- 
tion, observe the following rules. 


Rule 4: If the exponent or power of 10 is positive, move the decimal point 
to the right, the same number of places as the exponent. 


Rule 5: If the exponent or power of 10 is negative, move the decimal point to 
the left, the same number of places as the exponent. 
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Example l-3 


Convert the following numbers written in scientific notation into decimal 
notation: (a) 4.75 x 10° (b) 6.8 x 10%. 


ANSWER (a) To convert 4.75 x 10° into decimal notation, the decimal 
point must be shifted two places to the right. The decimal point is shifted to the 
right because the power of 10, which is 2 in this case, is positive. Therefore, 
4.75 x 10° = 475 in decimal notation. 

(b) To convert 6.8 x 10° into decimal notation, the decimal point must 
be shifted five places to the left. The decimal point is shifted to the left 
because the power of 10, which is —5 in this case, is negative. Therefore, 
6.8 x 107° = 0.000068 in decimal notation. 


E /-7 Self-Review 


Answers at the end of the chapter. 


a. Are positive or negative powers of 10 used to indicate numbers less 
than 1? 

b. Are positive or negative powers of 10 used to indicate numbers 
greater than 1? 

c. 10° = 1. (True/False) 

d. Express the following numbers in scientific notation: (a) 13,500 
(b) 0.00825 (c) 95,600,000 (d) 0.104. 

e. Convert the following numbers written in scientific notation into 
decimal notation: (a) 4.6 x 107” (b) 3.33 x 10° (c) 5.4 x 10° 
(d) 2.54 x 10°. 


l-2 Engineering Notation 
and Metric Prefixes 


Engineering notation is another form of powers of 10 notation. Engineering notation 
is similar to scientific notation except that in engineering notation, the powers of 10 
are always multiples of 3 such as 107'?, 107°, 107%, 107°, 10°, 10°, 10°, 10'”, etc. More 
specifically, a number expressed in engineering notation is always expressed as a 
number between 1 and 1000 times a power of 10 which is a multiple of 3. 


Example l-4 


Express the following numbers in engineering notation: (a) 27,000 (b) 0.00047. 
ANSWER (a) To express the number 27,000 in engineering notation, it must be written as a number between 1 and 
1000 times a power of 10 which is a multiple of 3. It is often helpful to begin by expressing the number in scientific 


notation: 27,000 = 2.7 x 10". Next, examine the power of 10 to see if it should be increased to 10° or decreased to 10°. If 
the power of 10 is increased to 10°, then the decimal point in the number 2.7 would have to be shifted two places to the left. 
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Because 0.027 is not a number between 1 and 1000, the answer of 0.027 x 10° is not representative of engineering 
notation. If the power of 10 were decreased to 10° , however, then the decimal point in the number 2.7 would have to be 
shifted one place to the right and the answer would be 27 x 10°, which is representative of engineering notation. In 
summary, 27,000 = 2.7 x 10* = 27 x 10° in engineering notation. 

(b) To express the number 0.00047 in engineering notation, it must be written as a number between | and 1000 times a 
power of 10 which is a multiple of 3. Begin by expressing the number in scientific notation: 0.00047 = 4.7 x 107+. Next, 
examine the power of 10 to see if it should be increased to 107° or decreased to 10~°. If the power of 10 were increased to 
107°, then the decimal point in the number 4.7 would have to be shifted one place to the left. Because 0.47 is not a number 
between 1 and 1000, the answer 0.47 x 107? is not representative of engineering notation. If the power of 10 were decreased 
to 10~°, however, then the decimal point in the number 4.7 would have to be shifted two places to the right and the answer 
would be 470 x 10~° which is representative of engineering notation. In summary, 0.00047 = 4.7 x 10~* = 470 x 10°° in 
engineering notation. 


When expressing a number in engineering notation, remember the following 
rules: 


Rule 6: Express the original number in scientific notation first. If the power 
of 10 is a multiple of 3, the number appears the same in both 
scientific and engineering notation. 


Rule 7: Ifthe original number expressed in scientific notation does not use a 
power of 10 which is a multiple of 3, the power of 10 must either be 
increased or decreased until it is a multiple of 3. The decimal point in 
the numerical part of the expression must be adjusted accordingly to 
compensate for the change in the power of 10. 


Rule 8: Each time the power of 10 is increased by 1, the decimal point in 
the numerical part of the expression must be moved one place to 
the left. Each time the power of 10 is decreased by 1, the decimal 
point in the numerical part of the expression must be moved one 
place to the right. 


You know that a quantity is expressed in engineering notation when the original 
number is written as a number between 1 and 1000 times a power of 10 which is a 
multiple of 3. 


Metric Prefixes 


The metric prefixes represent those powers of 10 that are multiples of 3. In the field 
of electronics, engineering notation is much more common than scientific notation 
because most values of voltage, current, resistance, power, and so on are specified in 
terms of the metric prefixes. Once a number is expressed in engineering notation, its 
power of 10 can be replaced directly with its corresponding metric prefix. Table I-2 
lists the most common metric prefixes and their corresponding powers of 10. Notice 
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GOOD TO KNOW 


The uppercase letter K is not 
used as the abbreviation for the 
metric prefix kilo because its use 
is reserved for the kelvin unit of 


absolute temperature. 


Power of 10 Prefix Abbreviation 
10% tera T 
10 giga G 
10° mega M 
10” kilo k 
10° milli m 
10” micro u 
10m nano n 
Oe: pico p 


that uppercase letters are used for the abbreviations of the prefixes involving positive 
powers of 10, whereas lowercase letters are used for negative powers of 10. There is 
one exception to the rule however; the lowercase letter “k” is used for kilo corre- 
sponding to 10°. Because the metric prefixes are used so often in electronics, it is 
common practice to express the value of a given quantity in engineering notation first 
so that the power of 10, which is a multiple of 3, can be replaced directly with its 
corresponding metric prefix. For example, a resistor whose value is 33,000 Q can be 
expressed in engineering notation as 33 x 10° Q. In Table I-2, we see that the metric 
prefix kilo (k) corresponds to 10°, Therefore, 33,000 Q or 33 x 10° Q can be expressed 
as 33 kQ. (Note that the unit of resistance is the ohm abbreviated Q.) 
As another example, a current of 0.0000075 A can be expressed in engineering nota- 
tion as 7.5 x 10~° A. In Table I-2, we see that the metric prefix micro (u) corresponds 
to 10~°. Therefore, 0.0000075 A or 7.5 x 10°° A can be expressed as 7.5 uA. 
(The unit of current is the ampere, abbreviated A.) 

In general, when using metric prefixes to express the value of a given quantity, 
write the original number in engineering notation first and then substitute the appro- 
priate metric prefix corresponding to the power of 10 involved. As this technique 
shows, metric prefixes are direct substitutes for the powers of 10 used in engineering 
notation. 

Table I-3 lists many of the electrical quantities that you will encounter in your 
study of electronics. For each electrical quantity listed in Table I-3, take special note 


Electrical Quantities with Their Units 


and Symbols 
Quantity Unit Symbol 
Current Ampere (A) I 
Voltage Volt (V) V 
Resistance Ohm (Q) R 
Frequency Hertz (Hz) f 
Capacitance Farad (F) G 
Inductance Henry (H) fh 
Power Watt (W) P 


Introduction 


of the unit and symbol shown. In the examples and problems that follow, we will use 
several numerical values with various symbols and units from this table. Let’s take 
a look at a few examples. 


Example l-5 


Express the resistance of 1,000,000 Q using the appropriate metric prefix from 
Table I-2. 


ANSWER First, express 1,000,000 © in engineering notation: 1,000,000 Q = 
1.0 x 10° Q. Next, replace 10° with its corresponding metric prefix. Because 
the metric prefix mega (M) corresponds to 10°, the value of 1,000,000 Q can be 
expressed as 1 MQ. In summary, 1,000,000 Q = 1.0 x 10°Q=1MQ. 


Example l-6 


Express the voltage value of 0.015 V using the appropriate metric prefix from 
Table I-2. 


ANSWER First, express 0.015 V in engineering notation: 0.015 V = 15 x 
107° V. Next, replace 107° with its corresponding metric prefix. Because the 
metric prefix milli (m) corresponds to 107°, the value 0.015 V can be expressed 
as 15 mV. In summary, 0.015 V = 15 x 10° V = 15 mV. 


Example l-7 


Express the power value of 250 W using the appropriate metric prefix from 
Table I-2. 


ANSWER In this case, it is not necessary or desirable to use any of the 
metric prefixes listed in Table I-2. The reason is that 250 W cannot be expressed 
as a number between | and 1000 times a power of 10 which is a multiple of 3. In 
other words, 250 W cannot be expressed in engineering notation. The closest we 
can come is 0.25 x 10° W, which is not representative of engineering notation. 
Although 10° can be replaced with the metric prefix kilo (k), it is usually 
preferable to express the power as 250 W and not as 0.25 kW. 

In summary, whenever the value of a quantity lies between 1 and 1000, only the 
basic unit of measure should be used for the answer. As another example, 75 V 
should be expressed as 75 V and not as 0.075 kV or 75,000 mV, and so forth. 


E /-2 Self-Review 


Answers at the end of the chapter. 


a. Express the following numbers in engineering notation: 
(a) 36,000,000 (b) 0.085 (c) 39,300 (d) 0.000093. 
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b. List the metric prefixes for each of the powers of 10 listed: 
(a) 10~? (b) 10° (c) 107”? (d) 10° (e) 104. 

c. Express the following values using the appropriate metric prefixes: 
(a) 0.000010 A (b) 2,200,000 Q (c) 0.000000045 V (d) 5600 Q (e) 18 W. 


l-3 Converting between Metric Prefixes 


As you have seen in the previous section, metric prefixes can be substituted for pow- 
ers of 10 that are multiples of 3. This is true even when the value of the original 
quantity is not expressed in proper engineering notation. For example, a capacitance 
value of 0.047 x 10~° F could be expressed as 0.047 uF. Also, a frequency of 
1510 x 10° Hz could be expressed as 1510 kHz. Furthermore, the values of like 
quantities in a given circuit may be specified using different metric prefixes such as 
22 KQ and 1.5 MQ or 0.001 uF and 3300 pF, as examples. In some cases, therefore, 
it may be necessary or desirable to convert from one metric prefix to another when 
combining values. Converting from one metric prefix to another is actually a change 
in the power of 10. When the power of 10 is changed, however, care must be taken 
to make sure that the numerical part of the expression is also changed so that the 
value of the original number remains the same. When converting from one metric 
prefix to another, observe the following rule: 


Rule 9: When converting from a larger metric prefix to a smaller one, 
increase the numerical part of the expression by the same factor by 
which the metric prefix has been decreased. Conversely, when 
converting from a smaller metric prefix to a larger one, decrease 
the numerical part of the expression by the same factor by which 
the metric prefix has been increased. 


Example I-8 


Make the following conversions: (a) convert 25 mA to uA (b) convert 2700 KQ 
to MQ. 


ANSWER (a) To convert 25 mA to uA, recall that the metric prefix milli 
(m) corresponds to 107° and that metric prefix micro (u) corresponds to 10~°. 
Since 10~° is less than 107° by a factor of 1000 (10°), the numerical part of the 
expression must be increased by a factor of 1000 (10°). Therefore, 25 mA = 
25 x 107° A = 25,000 x 107° A = 25,000 „A. 

(b) To convert 2700 kQ to MQ, recall that the metric prefix kilo (k) 
corresponds to 10° and that the metric prefix mega (M) corresponds to 10°. 
Since 10° is larger than 10° by a factor of 1000 (10°), the numerical part of the 
expression must be decreased by a factor of 1000 (10°). Therefore, 2700 kQ = 
2700 x 10° Q = 2.7 x 10°Q=2.7 MQ. 


E /-3 Self-Review 


Answers at the end of the chapter. 


a. Converting from one metric prefix to another is actually a change in 
the power of 10. (True/False) 

b. Make the following conversions: (a) convert 2.2 MQ to kQ 
(b) convert 47,000 pF to nF (c) convert 2500 uA to mA 
(d) convert 6.25 mW to uW. 


Introduction 


Introduction to Powers of 10 


l-4 Addition and Subtraction Involving 


Powers of 10 Notation 


When adding or subtracting numbers expressed in powers of 10 notation, observe 
the following rule: 


Rule 10: Before numbers expressed in powers of 10 notation can be added 
or subtracted, both terms must be expressed using the same power 
of 10. When both terms have the same power of 10, just add or 
subtract the numerical parts of each term and multiply the sum or 
difference by the power of 10 common to both terms. Express the 
final answer in the desired form of powers of 10 notation. 


Let’s take a look at a couple of examples. 
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Add 170 x 10° and 23 x 10°. Express the final answer in scientific notation. 


ANSWER First, express both terms using either 10° or 10* as the common 
power of 10. Either one can be used. In this example, we will use 10° as the 
common power of 10 for both terms. Rewriting 23 x 10° using 10° as the power 
of 10 gives us 230 x 10°. Notice that because the power of 10 was decreased by 
a factor of 10, the numerical part of the expression was increased by a factor of 
10. Next, add the numerical parts of each term and multiply the sum by 10° 
which is the power of 10 common to both terms. This gives us 

(170 + 230) x 10° or 400 x 10°. Expressing the final answer in scientific 
notation gives us 4.0 x 10°. In summary, (170 x 10°) + (23 x 10°) = 

(170 x 10°) + (230 x 10°) = (170 + 230) x 10° = 400 x 10° = 4.0 x 10°. 


Example I-10 


Subtract 250 x 10° from 1.5 x 10°. Express the final answer in scientific 
notation. 


ANSWER First, express both terms using either 10° or 10° as the common 
power of 10. Again, either one can be used. In this example, we will use 10° as 
the common power of 10 for both terms. Rewriting 250 x 10° using 10° as the 
power of 10 gives us 0.25 x 10°. Notice that because the power of 10 was 
increased by a factor 1000 (10°), the numerical part of the expression was 
decreased by a factor of 1000 (10°). Next, subtract 0.25 from 1.5 and multiply 
the difference by 10°, which is the power of 10 common to both terms. This 
gives us (1.5 — 0.25) x 10° or 1.25 x 10°. Notice that the final answer is 
already in scientific notation. In summary, (1.5 x 10°) — (250 x 10°) = 

(1.5 x 10°) — (0.25 x 10°) = (1.5 — 0.25) x 10° = 1.25 x 10°. 
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E /-4 Self-Review 
Answers at the end of the chapter. 


a. Add the following terms expressed in powers of 10 notation. Express 
the answers in scientific notation. (a) (470 x 10°) + (55 x 10°) 
(b) (3.5 x 107) + (1500 x 107°). 

b. Subtract the following terms expressed in powers of 10 notation. 
Express the answers in scientific notation. (a) (65 x 10*) — 
(200 x 10°) (b) (850 x 107*) — (3500 x 107^). 


l-5 Multiplication and Division 
Involving Powers of 10 Notation 


When multiplying or dividing numbers expressed in powers of 10 notation, observe 
the following rules: 


Rule 11: When multiplying numbers expressed in powers of 10 notation, 
multiply the numerical parts and powers of 10 separately. When 
multiplying powers of 10, simply add the exponents to obtain the 
new power of 10. Express the final answer in the desired form of 
powers of 10 notation. 


Rule 12: When dividing numbers expressed in powers of 10 notation, divide 
the numerical parts and powers of 10 separately. When dividing 
powers of 10, subtract the power of 10 in the denominator from 
the power of 10 in the numerator. Express the final answer in the 
desired form of powers of 10 notation. 


Let’s take a look at a few examples. 


Example I-11 


Multiply (3 x 10°) by (150 x 10°). Express the final answer in scientific 
notation. 


ANSWER First, multiply 3 x 150 to obtain 450. Next, multiply 10° by 10° 
to obtain 10° x 10” = 10°” = 10°. To review, (3 x 10°) x (150 x 10°) = 

(3 x 150) x (10° x 10°) = 450 x 10°*? = 450 x 10°. The final answer expressed 
in scientific notation is 4.5 x 10". 


Example I-12 


Divide (5.0 x 10’) by (2.0 x 10^). Express the final answer in scientific notation. 


ANSWER First, divide 5 by 2 to obtain 2.5. Next, divide 10’ by 10* to 


7 7 

obtain 10’~ = 10°. To review, O10" = 5 10 = 2.5 x 10°. 
i 20x10 2 10 

Notice that the final answer is already in scientific notation. 
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Introduction to Powers of 10 


E /-5 Self-Review 
Answers at the end of the chapter. 


a. Multiply the following numbers expressed in powers of 10 notation. 
Express your answers in scientific notation. (a) (3.3 x 107 x 
(4.0 x 107°) (b) (2.7 x 10 x (3 x 105). 

b. Divide the following numbers expressed in powers of 10 notation. 
Express your answers in scientific notation. (a) (7.5 x 10°) + 
(3.0 x 10°) (b) (15 x 1076) + (5 x 107%). 


l-6 Reciprocals with Powers of 10 


Taking the reciprocal of a power of 10 is really just a special case of division using 
powers of 10 because 1 in the numerator can be written as 10° since 10° = 1. With 
zero as the power of 10 in the numerator, taking the reciprocal results in a sign 
change for the power of 10 in the denominator. Let’s take a look at an example to 
clarify this point. 


Example I-13 


Find the reciprocals for the following powers of 10: (a) 10° (b) 107. 


0 
ANSWER (a) T = 10__ 10°5 = 10%; therefore, T =10%. 


10° 10° 
(b) TE = a = 10° = 10°; therefore, — = 10°. 


— = 
Notice that in both (a) and (b), the power of 10 in the denominator is 
subtracted from zero, which is the power of 10 in the numerator. 


Here’s a simple rule for reciprocals of powers of 10. 


Rule 13: When taking the reciprocal of a power of 10, simply change the 
sign of the exponent or power of 10. 


Negative Powers of 10 


Recall that a power of 10 indicates how many times the base, 10, is to be mul- 
tiplied by itself. For example, 10* = 10 x 10 x 10 x 10. But you might ask 
how this definition fits with negative powers of 10. The answer is that negative 
powers of 10 are just reciprocals of positive powers of 10. For example, 


10-7 = l= 1 
10 10x10x10x10' 


E /-6 Self-Review 


Answers at the end of the chapter. 


a. Take the reciprocals of each of the powers of 10 listed. 
(a) 10™ (b) 10° (c) 107™™ (d) 10°. 
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l-7 Squaring Numbers Expressed 
in Powers of 10 Notation 


When squaring a number expressed in powers of 10 notation, observe the follow- 
ing rule: 


Rule 14: To square a number expressed in powers of 10 notation, square 
the numerical part of the expression and double the power of 10. 
Express the answer in the desired form of powers of 10 notation. 


Example I-14 


Square 3.0 x 10‘. Express the answer in scientific notation. 


ANSWER First, square 3.0 to obtain 9.0. Next, square 10* to obtain 
(10^? = 10°. Therefore, (3.0 x 10°) = 9.0 x 10°. 


E /-7 Self-Review 
Answers at the end of the chapter. 


a. Obtain the following answers and express them in scientific notation. 
(a) (4.0 x 107? (b) (6.0 x 10°) (©) (2.0 x 107°}. 


l-8 Square Roots of Numbers Expressed 
in Powers of 10 Notation 


When taking the square root of a number expressed in powers of 10 notation, 
observe the following rule: 


Rule 15: To find the square root of a number expressed in powers of 10 
notation, take the square root of the numerical part of the 
expression and divide the power of 10 by 2. Express the answer 


in the desired form of powers of 10 notation. 


Example l-15 


Find the square root of 4 x 10°. Express the answer in scientific notation. 


ANSWER V4x10°= V4x V10 =2 x 10° 


Notice that the answer is already in scientific notation. 
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Figure l-1 Scientific calculator 
(Sharp EL-531 X). 


GOOD TO KNOW 


When entering the number 
25 x 10°®, do not press the 
multiplication (x) key and then 


enter the number 10 prior to 


pressing the |EXP|key. If you do, 


the number you are intending to 
enter (25 x 1076) will be larger 
than it should be by a factor of 


10. Since pressing the |EXP|key is 


equivalent to entering X10°°, you 
do not have to duplicate these 


steps! If you enter X10 prior to 


pressing the |EXP|key, this is 


what you have actually entered: 
25 x 10 x 10°° which is 
equivalent to 250.000 x 10°°. 


Introduction to Powers of 10 


Sarah Schultz Photography 


Example I-16 


Find the square root of 90 x 10°. Express the answer in scientific notation. 


ANSWER The problem can be simplified if we increase the power of 10 
from 10° to 10° and decrease the numerical part of the expression from 90 to 9. 
This gives us V90 x 10° = V9 x 10° = V9 x V10° = 3.0 x 10°. Again, the 
answer is already in scientific notation. 


M/-8 Self-Review 
Answers at the end of the chapter. 
a. Obtain the following answers and express them in scientific notation. 
(a) V36 x 10° (b) V160 x 10> (c) V25 x 107°. 


l-9 The Scientific Calculator 


Throughout your study of electronics, you will make several calculations involving 
numerical values that are expressed in decimal, scientific, or engineering notation. 
In most cases, you will want to use a scientific calculator to aid you in your calcula- 
tions. Be sure to select a calculator that can perform all of the mathematical func- 
tions and operations that you will encounter in your study of electronics. Also, make 
sure the calculator you select can store and retrieve mathematical results from one 
or more memory locations. If the school or industry responsible for your training 
does not recommend or mandate a specific calculator, be sure to ask your instructor 
or supervisor for his or her recommendation on which calculator to buy. And finally, 
once you have purchased your calculator, carefully read the instructions that are 
included with it. At first, you may not understand many of your calculators func- 
tions and features, but as you progress in your studies, you will become more famil- 
iar with them. Figure I-1 shows an example of a typical scientific calculator. 


Entering and Displaying Values 


Scientific calculators typically have four notation systems for displaying calculation 
results: floating decimal notation, fixed decimal notation (FIX), scientific notation 
(SCI), and engineering notation (ENG). The calculator display typically shows the 
current notation system being used. When the FIX, SCI, or ENG symbol is dis- 
played, the number of digits to the right of the decimal point can usually be set to any 
value from 0 to 9. With floating decimal notation, however, there is no set number of 
digits displayed for any given answer. For the examples that follow, assume that the 
calculator has been set to display three digits to the right of the decimal point. 

Most scientific calculators have a key labeled [EXP], [EE | or [x10 for entering 
the exponents associated with scientific and engineering notation. When entering a 
number expressed in any form of powers of 10 notation, always enter the numerical 
part of the expression first, followed by the exponent or power of 10. Use the 
change sign key for entering negative exponents or for changing the sign of an 
existing exponent. To illustrate an example, the keystrokes involved in entering the 
number 25 x 10~° would be as follows: 


[2] [5] [Exp] [+=] [6] 


(Some calculators require that you press the |+/—| key after the exponent is entered.) 
It must be understood that pressing the [EXP] key is the same as entering x10. 
After the [EXP] key is pressed, the exponent in 10° can be changed to any desired 
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value, which is 10~ in this case. Most calculators will display the value just entered 


as either 
25.000 x 10°°° or 25E-06 
For 25E-06, the base 10 is implied by the uppercase letter E. 

Most students, like yourself, are very comfortable with decimal notation because 
you have been exposed to it your entire life. In contrast, this chapter may be your 
first exposure to engineering notation. As a result, you may be tempted to enter and 
display all the values in decimal notation rather than engineering notation. For 
example, you may find yourself entering 47 kQ as 


4] [7] [0] [0] [0] (decimal notation) 
instead of 


4||7| [EXP] [|3| (engineering notation) 


Entering and displaying values in decimal notation is a bad habit to get into for two 
reasons: 


1. Very small and very large values cannot be entered in decimal notation 
because most calculators have only an 8- or 10-digit display. 

2. Mentally converting between decimal and engineering notation is 
cumbersome and time-consuming, not to mention the fact that this 
practice is prone to error. 


The main argument against using decimal notation is that most calculations encoun- 
tered in electronics involve the use of the metric prefixes and hence engineering 
notation. By entering and displaying all values in engineering notation, you will be 
forced to learn the metric prefixes and their corresponding powers of 10. 

When entering and displaying values in engineering notation remember that: 


107"? = pico (p) 10° = kilo (k) 
107° = nano (n) 10° = mega (M) 
10~° = micro (u) 10° = giga (G) 
107° = milli (m) 10"? = tera (T) 


Example I-17 


Show the keystrokes for multiplying 40 x 107° by 5x 10°. 


ANSWER The keystrokes would be as follows: 
4] [0] [EXP] |+/—] B] [x] [5] [EXP] [6] [= 


In engineering notation, the answer would be displayed as either 
200.000 x 10° or 200E03 


As mentioned earlier, take the time to read the instruction manual for your calculator and keep it with you for future reference. 
I guarantee you, it will come in handy! 


E /-9 Self-Review 


Answers at the end of the chapter. 


a. When using a scientific calculator for the calculations encountered in 
electronics, decimal notation is the preferred notation system when 
entering and displaying values. (True/False) 

b. Which key on a scientific calculator is used to enter the exponents 
associated with scientific and engineering notation? 
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Summary 


A power of 10 is an exponent that is 
written above and to the right of 10, 
which is called the base. 


A power of 10 indicates how many 
times the base, 10, is to be 
multiplied by itself. 


Positive powers of 10 indicate 
numbers greater than 1 and 
negative powers of 10 indicate 
numbers less than 1. Also, 10° = 1 
and 10' = 10. 


Powers of 10 notation is a 
convenient method for expressing 
very small or very large numbers as 
a decimal number multiplied by a 
power of 10. 


Scientific and engineering notation are 
two forms of powers of 10 notation. 


A number expressed in scientific 

notation is always expressed as a 
number between 1 and 10 times a 
power of 10. 


A number expressed in engineering 
notation is always expressed as a 
number between 1 and 1000 times a 
power of 10 which is a multiple of 3. 


Important Terms 


Decimal notation — numbers that are 
written in standard form without 
using powers of 10 notation. 


Engineering notation — a form of 
powers of 10 notation in which a 
number is expressed as a number 
between 1 and 1000 times a power 
of 10 that is a multiple of 3. 


Self-Test 


Answers at the back of the book. 


1. 10* means the same thing as 
a. 10,000. 
b.10x 4. 
c. 10x 10x10x10. 
d. both a and c. 


2. Negative powers of 10 
a. indicate numbers less than 1. 


b. are not used with engineering 
notation. 
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Decimal notation refers to those 
numbers that are written in 
standard form without any form of 
powers of 10 notation. 


etric prefixes are letter symbols 
used to replace the powers of 10 
that are multiples of 3. Refer to 
Table l-2 for a complete listing of 
the metric prefixes and their 
corresponding powers of 10. 


Converting from one metric prefix 
to another is a change in the power 
of 10 used to express a given 
quantity. 


Before numbers expressed in 


or subtracted, both terms must 
have the same power of 10. When 
both terms have the same power of 
10, just add or subtract the 
numerical parts of the expression 
and multiply the sum or difference 


by the power of 10 common to both 


terms. 


When multiplying numbers 


expressed in powers of 10 notation, 


multiply the numerical parts and 


Metric prefixes — letter symbols used 


to replace the powers of 10 that are 
multiples of 3. 


Powers of 10 — a numerical 


representation consisting of a base 
of 10 and an exponent; the base 10 
raised to a power. 


c. indicate numbers greater than 1. 


d. are used only with scientific 
notation. 


3. Anumber expressed in scientific 


notation is always expressed as a 
number between 


a. 1 and 1000 times a power of 10 
which is a multiple of 3. 


b. 1 and 10 times a power of 10. 
c. 1 and 100 times a power of 10. 
d.O and 1 times a power of 10. 


powers of 10 notation can be added 


powers of 10 separately. When 
multiplying powers of 10, simply add 
the exponents. 


When dividing numbers expressed 
in powers of 10 notation, divide the 
numerical parts and powers of 10 
separately. When dividing powers of 
O, simply subtract the power of 10 
in the denominator from the power 
of 10 in the numerator. 


Taking the reciprocal of a power of 
O is the same as changing the sign 
of the exponent. 


To square a number expressed in 
powers of 10 notation, square the 
numerical part of the expression 
and double the power of 10. 


To take the square root of a number 
expressed in powers of 10 notation, 
take the square root of the 
numerical part of the expression 
and divide the power of 10 by 2. 


On a scientific calculator, the [EXP], 
EE}, or |x10^ | key is used for 
entering the exponents associated 
with scientific and engineering 
notation. 


Scientific notation — a form of powers 
of 10 notation in which a number is 
expressed as a number between 1 
and 10 times a power of 10. 


4. Anumber expressed in engineering 
notation is always expressed as a 
number between 


a. 1 and 10 times a power of 10 that 


is a multiple of 3. 


b. 1 and 10 times a power of 10. 


c. 1 and 1000 times a power of 10 


that is a multiple of 3. 


d.O and 1 times a power of 10 that is 


a multiple of 3. 
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. 10° equals 


a. 0. 
b.10. 
& ly 


d. none of the above. 


. Metric prefixes are used only with 


those powers of 10 that are 
a. multiples of 3. 


b. negative. 


c. associated with scientific notation. 


d. both a and b. 


. 40 x 107° A is the same as 


a. 40 mA. 
b. 40 uA. 
c. 40 kA. 
d. 40 MA. 


. 3.9 MQ is the same as 


a.3.9 x10 Q. 
b.3.9x 10° Q. 
c. 3,900 kQ. 

d. both b and c. 


. A number written in standard form 


without any form of powers of 10 
notation is said to be written in 


a. scientific notation. 
b. decimal notation. 
c. engineering notation. 


d. metric prefix notation. 


10. The metric prefix pico (p) 


corresponds to 
a. 10", 
b. 107°. 


Essay Questions 


1. For 10, which is the base and which is the exponent? 4. 
2. Define: (a) scientific notation (b) engineering notation 
(c) decimal notation. 
3. In electronics, why is engineering notation more 
common than scientific notation? 
Problems 


SECTION I-1 SCIENTIFIC NOTATION 


Express each of the following numbers in scientific notation: 
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I-1 3,500,000 


l-2 678 


11. 


12. 


13. 


14. 


15. 


c. 107". 
d. 107°. 


Positive powers of 10 
a. indicate numbers less than 1. 


b. are not used with engineering 
notation. 


c. indicate numbers greater than 1. 


d. are used only with scientific 
notation. 


10' equals 
a. 0. 

B: 10. 
(aa 


d. none of the above. 


In engineering notation, the number 
0.000452 is expressed as 


a. 452 x 107°. 
b. 4.52 x 10%. 
c.4.52* 107°. 
d. 0.452 x 107. 


(40 x 10°) + (5.0 x 10°) equals 
a. 90 x 10°. 

b. 9.0 x 10°. 

c. 20x 10°. 

d. 9.0 x 10°. 


When dividing powers of 10 


a. subtract the power of 10 in the 
numerator from the power of 10 in 
the denominator. 


b. change the sign of the power of 10 
in the numerator. 


c. subtract the power of 10 in the 
denominator from the power of 10 
in the numerator. 


d. add the exponents. 


16. When multiplying powers of 10 
subtract the exponents. 


ay 
b. add the exponents. 


oO 


. multiply the exponents. 


d. none of the above. 


17.10,000 yV is the same as 
a. 0.01 mV. 
b. 10 kv. 
c. 10 mV. 
d. 0.0001 V. 


18. V 81 x 10° equals 
a9 10°. 
b.9x 10°. 
c.9X 10°. 
d.81 10°. 


19. (4.0 x 10)? equals 
a.16x10°. 
b.1.6x 10’. 

c. 4.0 10°. 
d.16 x10". 


20. The number 220 x 10? is the same 
as 


a. 2.2 x10. 

b. 220,000. 

c. 2200. 

d. both a and b. 


List the metric prefixes for each of the following powers 


of 10: (a) 107? (b) 10? (c) 107° (d) 10° (e) 107? (f) 10” 


(g) 107'? (h) 10°. 


5. List the units and symbols for each of the following 


quantities: (a) frequency (b) voltage (c) power (d) 


resistance (e) capacitance (f) inductance (g) current. 


1-3 160,000,000 

I-4 0.00055 

l-5 0.150 

l-6 0.00000000000942 
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l-7 2270 

l-8 42,100 

I-9 0.033 
I-10 0.000006 
l-11 77,700,000 
I-12 100 
l-13 87 
I-14 0.0018 
Il-15 0.000000095 
l-16 = 18,200 
I-17 640,000 
I-18 0.011 
I-19 0.000000001 75 


I-20 3,200,000,000,000 


Convert each of the following numbers expressed in 
scientific notation into decimal notation. 


I-21. 165x104 
I-22 56x10 
l-23 8.63x10° 
I-24 315x107” 
l-25 1.7x 10°” 


I-26 4.65 x 10° 


l-29 33x107? 


I-30 9.21 x10 


SECTION l-2 ENGINEERING NOTATION AND 
METRIC PREFIXES 


Express each of the following numbers in engineering notation: 


1-31 5500 
I-32 0.0055 
1-33 6,200,000 
1-34 150,000 
1-35 99,000 
I-36 0.01 


I-37 0.00075 
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0.55 

10,000,000 
0.0000000032 
0.000068 
92,000,000 ,000 
270,000 
0.000000000018 
0.000000450 
0.00010 
2,570,000,000,000 
20,000 

0.000070 


2500 


Express the following values using the metric prefixes from 
Table l-2. (Note: The metric prefix associated with each 
answer must coincide with engineering notation.) 


I-51 


I-52 


I-53 


1000 W 

10,000 Q 

0.035 V 

0.000050 A 
0.000001 F 
1,570,000 Hz 
2,200,000 2 
162,000 V 

1 250,000,000 Hz 
0.00000000033 F 
0.00025 A 
0.000000000061 F 
0.5 W 

2200 Q 

180,000 Q 

240 V 

47 Q 

0.001 H 

0.00005 W 


0.0000000001 A 
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SECTION I-3 CONVERTING BETWEEN 
METRIC PREFIXES 


Make the following conversions: 
l-71 55,000 uA = mA 
l-72 10nF= pF 
l-73 6800 pF = uF 
l-74 1.49 MHz = kHz 
l-75 22,000nF= uF 


l-76 1500 uH = m 


l-77 1.5 MQ= Q 


l-78 2.2GHz= MHz 


I-79 0.039 MQ = kQ 
I-80 5600 kQ = MQ 
l-81 7500 uA = mA 
l-82 1mA= uA 

l-83 100kW= Ww 

l-84 50MW= kW 
I-85 4700pF= nF 


I-86 560 nF= uF 


l-87 1296 MHz = GHz 
I-88 50mH= uH 
I-89 7.5uF= pF 


Il-90 220,000 MQ = GQ 


SECTION l-4 ADDITION AND SUBTRACTION 
INVOLVING POWERS OF 10 NOTATION 


Add the following numbers and express your answers in 
scientific notation: 


I-91 (25x 10°) + (5.0 x 10°) 
I-92 (4500 x 10°) + (5.0 x 10°) 
I-93 (90x 107')+ (0.5 x 107”) 
I-94 (15x107) + (00x 10) 
I-95 (150x1076) + (2.0 x 107° 


I-96 (150x 10°) + (0.05 x 10° 


Subtract the following numbers and express your answers in 
scientific notation: 


I-97 (100x 10) — (0.5 x 108 


I-98 (20x 107° — (5000 x 1076) 
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I-99 (180x107) — (3.5 x 107°) 
I-100 (7.5 x10 — (0.25 x 10° 
1-101 (5.0x 10^) — (240 x 107) 
1-102 (475 x 107°) — (1500 x 107^ 
SECTION l-5 MULTIPLICATION AND DIVISION 


INVOLVING POWERS OF 10 NOTATION 


Multiply the following numbers and express your answers in 
scientific notation: 


1-103 (6.0 x 10° x (3.0 x 107) 
1-104 (4.0 x 107°) x (2.5 x 10°) 
1-105 (50x 10^) x (6.0 x 10°) 


1-106 22x10) x (6.5 x 10°) 


1-107 (5.0 107°) x (2.0 x 107!) 


1-108 (100x 107°) x (50 x 107°) 


Divide the following numbers and express your answers in 
scientific notation: 


1-109 (100 x 10°) + (4.0 x 10°) 
1-110 (90x 107) + (3.0 x107) 
I-111 (5.0 10°) + (40 x 10°) 
1-112 (750x107) + (8.0 x 107) 
1-113 (55x10 =+(11 x 10°) 
1-114 (220x 10°) + (2.0 x 10^ 


SECTION l-6 RECIPROCALS WITH POWERS OF 10 
Find the reciprocal for each power of 10 listed. 


I-115 10° 
1-116 10° 
1-117 10' 
I-118 10° 
1-119 107 
I-120 107” 
1-121 10” 
l-122 10'° 


SECTION l-7 SQUARING NUMBERS EXPRESSED 
IN POWERS OF 10 NOTATION 
Express the following answers in scientific notation: 


1-123 (5.0 x109? 


1-124 (2.5x1070? 
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1-125 (90x 104)? 


1-126 (70x 10°)" 
1-127 (12x10 


1-128 (800x 10713? 


SECTION l-8 SQUARE ROOTS OF NUMBERS 


EXPRESSED IN POWERS OF 10 NOTATION 
Express the following answers in scientific notation: 


Vv 40x 10° 
V'50 x 10° 
V 36x107? 
V49x 107 


1-129 


1-130 


1-131 


1-132 


Answers to Self-Reviews 1-1 


Design credit Multisim: ©Stockbyte/Getty Images 
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l-133 Vv150x10° 


1-134 V35x10° 


SECTION l-9 THE SCIENTIFIC CALCULATOR 


Show the keystrokes on a scientific calculator for entering 
the following math problems. Display all answers in 


engineering notation. 


1-135 (15x107 x(1.2x 10°) 


I-136 
1-137 
I-138 
I-139 


1-140 


negative powers of 10 


. positive powers of 10 


true 


. (a) 1.35 x 104 


(b) 8.25 x 107? 

(c) 9.56 x 10’ 

(d) 1.04 x 107! 

(a) 0.00000046 (b) 3330 
(c) 540,000,000 (d) 0.0254 


(a)36x10° (b)85x107° 
(39.310? (d) 93 x 1076 


. (a) nano (n) (b) mega (M) 


(c) pico (p) (d) kilo (k) 


(e) none 


. @)10uA (b) 2.2 MQ 


(c) 45nV (d) 5.6 kQ 
(e) 18W 


true 


. (a) 2.2 MQ = 2200 kQ 


(b) 47,000 pF = 47 nF 
(c) 2500 uA = 2.5 mA 
(d) 6.25 mW = 6250 uW 


60+ (1.5 x 10° 


12+ (10x 107) 


w 


(6.5 x 10$) + (25 x 10°) 


(5 x 107°) x (120 x 10°) 


(2.5 x 1075) — (50 x 107°) 


(a) 5.9710’ (b) 5.0 x 107 


(a) 4.5 x 10° 


(a) 


(a) 2.5 x 10° 


» @) 


c) 
a) 


the 


(b) 5.0 x 107! 


32x107 (b) 8.1 x 107 
(b) 3.0 x107 


0f (b) 107° 
o'® (d) 10° 


6x107” (b) 3.610"! 


false 


c) 4.0 x 107° 


. @) 6.0 x 10? (b) 4.0 x 107? 
c) 5.0 x 1074 


EXP}, [EE], or X10%| key 
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Electricity 


W: see applications of electricity all around us, especially in the electronic 
products we own and operate every day. For example, we depend on 
electricity for lighting, heating, and air conditioning and for the operation of our 
vehicles, cell phones, appliances, computers, and home entertainment systems, 
to name a few. The applications of electricity are extensive and almost limitless 
to the imagination. 


Although there are many applications of electricity, electricity itself can be 
explained in terms of electric charge, voltage, and current. In this chapter, you 

will be introduced to the basic concepts of electricity, which include a discussion of 
the following topics: basic atomic structure, the coulomb unit of electric charge, the 
volt unit of potential difference, the ampere unit of current, and the ohm unit of 
resistance. You will also be introduced to conductors, semiconductors, insulators, 
and the basic characteristics of an electric circuit. E 


Te 
12 
1-3 
1-4 
1-5 
1-6 
Jey 


Negative and Positive Polarities 


Electrons and Protons in the Atom 
Structure of the Atom 

The Coulomb Unit of Electric Charge 
The Volt Unit of Potential Difference 


Charge in Motion Is Current 


Resistance Is Opposition to Current 


1-8 The Closed Circuit 
1-9 The Direction of Current 


1-10 Direct Current (DC) and Alternating 
Current (AC) 
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After studying this chapter, you should be able to 


List the two basic particles of electric 
charge. 


Describe the basic structure of the atom. 


Define the terms conductor, insulator, and 
semiconductor and give examples of each 
term. 


Define the coulomb unit of electric charge. 


Define potential difference and list its unit of 


measure: 


Define current and list its unit of measure. 


m Describe the difference between voltage and 
current. 


™ Define resistance and conductance and list 
the unit of each. 


Æ List three important characteristics of an 
electric circuit. 


™ Define the difference between electron flow 
and conventional current. 


m Describe the difference between direct and 
alternating current. 


alternating current conductor 

(AC) conventional current 
ampere coulomb 
atom current 
atomic number dielectric 
circuit direct current (DC) 
compound electron 
conductance electron flow 


electron valence ohm 

element potential difference 
free electron proton 

insulator resistance 

ion semiconductor 
molecule siemens 

neutron static electricity 
nucleus volt 
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GOOD TO KNOW 


A battery is a device that 
converts chemical energy into 


electrical energy. 


Figure 1-1 Positive and negative 
polarities for the voltage output of a 
typical battery. 
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GOOD TO KNOW 


Electricity is a form of energy, 
where energy refers to the ability 
to do work. More specifically, 
electrical energy refers to the 
energy associated with electric 


charges. 


Figure 1-2 Electron and proton in 
hydrogen (H) atom. 
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1-1 Negative and Positive Polarities 


We see the effects of electricity in a battery, static charge, lightning, radio, televi- 
sion, and many other applications. What do they all have in common that is electri- 
cal in nature? The answer is basic particles of electric charge with opposite polarities. 
All the materials we know, including solids, liquids, and gases, contain two basic 
particles of electric charge: the e/ecfron and the proton. An electron is the smallest 
amount of electric charge having the characteristic called negative polarity. The 
proton is a basic particle with positive polarity. 

The negative and positive polarities indicate two opposite characteristics that 
seem to be fundamental in all physical applications. Just as magnets have north and 
south poles, electric charges have the opposite polarities labeled negative and posi- 
tive. The opposing characteristics provide a method of balancing one against the 
other to explain different physical effects. 

It is the arrangement of electrons and protons as basic particles of electricity 
that determines the electrical characteristics of all substances. For example, this 
paper has electrons and protons in it. There is no evidence of electricity, though, 
because the number of electrons equals the number of protons. In that case, the 
opposite electrical forces cancel, making the paper electrically neutral. The 
neutral condition means that opposing forces are exactly balanced, without any 
net effect either way. 

When we want to use the electrical forces associated with the negative and posi- 
tive charges in all matter, work must be done to separate the electrons and protons. 
Changing the balance of forces produces evidence of electricity. A battery, for 
instance, can do electrical work because its chemical energy separates electric 
charges to produce an excess of electrons at its negative terminal and an excess of 
protons at its positive terminal. With separate and opposite charges at the two termi- 
nals, electric energy can be supplied to a circuit connected to the battery. Figure 1—1 
shows a battery with its negative (—) and positive (+) terminals marked to empha- 
size the two opposite polarities. 


E 7-17 Self-Review 


Answers at the end of the chapter. 


Is the charge of an electron positive or negative? 

Is the charge of a proton positive or negative? 

c. Is it true or false that the neutral condition means equal positive and 
negative charges? 


op 


1-2 Electrons and Protons in the Atom 


Although there are any number of possible methods by which electrons and protons 
might be grouped, they assemble in specific atomic combinations for a stable 
arrangement. (An atom is the smallest particle of the basic elements which forms 
the physical substances we know as solids, liquids, and gases.) Each stable combi- 
nation of electrons and protons makes one particular type of atom. For example, Fig. 
1-2 illustrates the electron and proton structure of one atom of the gas, hydrogen. 
This atom consists of a central mass called the nucleus and one electron outside. 
The proton in the nucleus makes it the massive and stable part of the atom because 
a proton is 1840 times heavier than an electron. 

In Fig. 1-2, the one electron in the hydrogen atom is shown in an orbital ring 
around the nucleus. To account for the electrical stability of the atom, we can con- 
sider the electron as spinning around the nucleus, as planets revolve around the sun. 
Then the electrical force attracting the electrons toward the nucleus is balanced by 
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Figure 1-3 Atomic structure showing the nucleus and its orbital rings of electrons. (a) Carbon (C) atom has six orbital electrons to 
balance six protons in nucleus. (b) Copper (Cu) atom has 29 protons in nucleus and 29 orbital electrons. 
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GOOD TO KNOW 


Conductors have many free 
electrons whereas insulators 


have very few or none at all. 


Electricity 


(a) 


8-electron orbit, 
incomplete 


the mechanical force outward on the rotating electron. As a result, the electron stays 
in its orbit around the nucleus. 

In an atom that has more electrons and protons than hydrogen, all protons are in 
the nucleus, and all the electrons are in one or more outside rings. For example, the 
carbon atom illustrated in Fig. 1—3a has six protons in the nucleus and six electrons 
in two outside rings. The total number of electrons in the outside rings must equal 
the number of protons in the nucleus in a neutral atom. 

The distribution of electrons in the orbital rings determines the atom’s electrical 
stability. Especially important is the number of electrons in the ring farthest from 
the nucleus. This outermost ring requires eight electrons for stability, except when 
there is only one ring, which has a maximum of two electrons. 

In the carbon atom in Fig. 1—3a, with six electrons, there are just two electrons in 
the first ring because two is its maximum number. The remaining four electrons are 
in the second ring, which can have a maximum of eight electrons. 

As another example, the copper atom in Fig. 1-3b has only one electron in the 
last ring, which can include eight electrons. Therefore, the outside ring of the copper 
atom is less stable than the outside ring of the carbon atom. 

When many atoms are close together in a copper wire, the outermost orbital elec- 
tron of each copper atom can easily break free from its home or parent atom. These 
electrons then can migrate easily from one atom to another at random. Such electrons 
that can move freely from one atom to the next are called free electrons. This freedom 
accounts for the ability of copper to conduct electricity very easily. It is the move- 
ment of free electrons that provides electric current in a metal conductor. 

The net effect in the wire itself without any applied voltage, however, is zero 
because of the random motion of the free electrons. When voltage is applied, it 
forces all the free electrons to move in the same direction to produce electron flow, 
which is an electric current. 


Conductors, Insulators, and Semiconductors 


When electrons can move easily from atom to atom in a material, the material is a 
conductor. In general, all metals are good conductors, with silver the best and cop- 
per second. Their atomic structure allows free movement of the outermost orbital 
electrons. Copper wire is generally used for practical conductors because it costs 
much less than silver. The purpose of using conductors is to allow electric current to 
flow with minimum opposition. 
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The wire conductor is used only to deliver current produced by the voltage source 
to a device that needs the current to function. As an example, a bulb lights only 
when current flows through the filament. 

A material with atoms in which the electrons tend to stay in their own orbits is an 
insulator because it cannot conduct electricity very easily. However, insulators can 
hold or store electricity better than conductors. An insulating material, such as glass, 
plastic, rubber, paper, air, or mica, is also called a dielectric, meaning it can store 
electric charge. 

Insulators can be useful when it is necessary to prevent current flow. In addi- 
tion, for applications requiring the storage of electric charge, as in capacitors, a 
dielectric material must be used because a good conductor cannot store any 
charge. 

Carbon can be considered a semiconductor, conducting less than metal conduc- 
tors but more than insulators. In the same group are germanium and silicon, which 
are commonly used for transistors and other semiconductor components. Practically 
all transistors are made of silicon. 


Elements 


The combinations of electrons and protons forming stable atomic structures 
result in different kinds of elementary substances having specific characteris- 
tics. A few familiar examples are the elements hydrogen, oxygen, carbon, 
copper, and iron. An element is defined as a substance that cannot be decom- 
posed any further by chemical action. The atom is the smallest particle of an 
element that still has the same characteristics as the element. Atom is a Greek 
word meaning a “particle too small to be subdivided.” As an example of the 
fact that atoms are too small to be visible, a particle of carbon the size of a 
pinpoint contains many billions of atoms. The electrons and protons within 
the atom are even smaller. 

Table 1-1 lists some more examples of elements. These are just a few out of a 
total of 112. Notice how the elements are grouped. The metals listed across the top 
row are all good conductors of electricity. Each has an atomic structure with an 
unstable outside ring that allows many free electrons. 


Table 1-1 Examples of the Chemical Elements 


Group 


Metal 
conductors, in 
order of 
conductance 


Semiconductors 


Active gases 


Inert gases 


Element 


Silver 
Copper 
Gold 
Aluminum 
lron 


Carbon 
Silicon 
Germanium 


Hydrogen 
Oxygen 


Helium 
Neon 


Symbol Atomic Number Electron Valence 
Ag 47 +1 
Cu 29 +1* 
Au YO +1* 
Al 13 +3 
Fe 26 +2* 
C 6 +4 
a 14 +4 
Ge 32 +4 
H 1 +1 
O 8 —2 
He 2 O 
Ne 10 o 


* Some metals have more than one valence number in forming chemical compounds. Examples are cuprous or cupric copper, ferrous or ferric iron, and aurous or auric gold. 
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Semiconductors have four electrons in the outermost ring. This means that 
they neither gain nor lose electrons but share them with similar atoms. The rea- 
son is that four is exactly halfway to the stable condition of eight electrons in the 
outside ring. 

The inert gas neon has a complete outside ring of eight electrons, which makes it 
chemically inactive. Remember that eight electrons in the outside ring is a stable 
structure. 


Molecules and Compounds 


A group of two or more atoms forms a molecule. For instance, two atoms of hydro- 
gen (H) form a hydrogen molecule (H,). When hydrogen unites chemically with 
oxygen, the result is water (H,O), which is a compound. A compound, then, con- 
sists of two or more elements. The molecule is the smallest unit of a compound with 
the same chemical characteristics. We can have molecules for either elements or 
compounds. However, atoms exist only for elements. 


E 7-2 Self-Review 


Answers at the end of the chapter. 


a. Which have more free electrons: conductors or insulators? 
Which is the best conductor: silver, carbon, or iron? 
c. Which is a semiconductor: copper, silicon, or neon? 


1-3 Structure of the Atom 


Our present planetary model of the atom was proposed by Niels Bohr in 1913. 
His contribution was joining the new ideas of a nuclear atom developed by Lord 
Rutherford (1871—1937) with the quantum theory of radiation developed by Max 
Planck (1858-1947) and Albert Einstein (1879-1955). 

As illustrated in Figs. 1-2 and 1-3, the nucleus contains protons for all the posi- 
tive charge in the atom. The number of protons in the nucleus is equal to the number 
of planetary electrons. Then the positive and negative charges are balanced because 
the proton and electron have equal and opposite charges. The orbits for the planetary 
electrons are also called shells or energy levels. 


Atomic Number 


This gives the number of protons or electrons required in the atom for each element. 
For the hydrogen atom in Fig. 1—2, the atomic number is one, which means that the 
nucleus has one proton balanced by one orbital electron. Similarly, the carbon atom 
in Fig. 1-3 with atomic number six has six protons in the nucleus and six orbital 
electrons. The copper atom has 29 protons and 29 electrons because its atomic num- 
ber is 29. The atomic number listed for each of the elements in Table 1—1 indicates 
the atomic structure. 


Orbital Rings 


The planetary electrons are in successive shells called K, L, M, N, O, P, and Q at 
increasing distances outward from the nucleus. Each shell has a maximum number 
of electrons for stability. As indicated in Table 1-2, these stable shells correspond to 
inert gases, such as helium and neon. 

The K shell, closest to the nucleus, is stable with two electrons, corresponding to 
the atomic structure for the inert gas, helium. Once the stable number of electrons 
has filled a shell, it cannot take any more electrons. The atomic structure with all its 
shells filled to the maximum number for stability corresponds to an inert gas. 
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GOOD TO KNOW 


Each orbital ring of electrons 
corresponds to a different energy 
level; the larger the orbit, the 
higher the energy level of the 


orbiting electrons. 


GOOD TO KNOW 


The outermost shell of orbiting 
electrons is called the valence 
shell, and the electrons in this 


shell are called valence electrons. 
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Shells of Orbital Electrons 


mnie 1E in the Atom 

Shell Maximum Electrons Inert Gas 
K 2 Helium 

IL 8 Neon 

M 8 (up to calcium) or 18 Argon 

N &, 18, Or 32 Krypton 
O 8or18 Xenon 

B 8or18 Radon 

Q 8 — 


Elements with a higher atomic number have more planetary electrons. These are 
in successive shells, tending to form the structure of the next inert gas in the periodic 
table. (The periodic table is a very useful grouping of all elements according to their 
chemical properties.) After the K shell has been filled with two electrons, the L shell 
can take up to eight electrons. Ten electrons filling the K and L shells is the atomic 
structure for the inert gas, neon. 

The maximum number of electrons in the remaining shells can be 8, 18, or 32 for 
different elements, depending on their place in the periodic table. The maximum for 
an outermost shell, though, is always eight. 

To illustrate these rules, we can use the copper atom in Fig. 1-3b as an 
example. There are 29 protons in the nucleus balanced by 29 planetary electrons. 
This number of electrons fills the K shell with two electrons, corresponding to 
the helium atom, and the L shell with eight electrons. The 10 electrons in these 
two shells correspond to the neon atom, which has an atomic number of 10. 
The remaining 19 electrons for the copper atom then fill the M shell with 
18 electrons and one electron in the outermost N shell. These values can be sum- 
marized as follows: 


K shell = 2 electrons 
L shell = 8 electrons 
M shell = 18 electrons 

N shell = 1 electron 
Total = 29 electrons 


For most elements, we can use the rule that the maximum number of electrons in 
a filled inner shell equals 2n?, where n is the shell number in sequential order out- 
ward from the nucleus. Then the maximum number of electrons in the first shell is 
2 x 1 =2; for the second shell 2 x 2? = 8, for the third shell 2 x 3°= 18, and for the 
fourth shell 2 x 4 = 32. These values apply only to an inner shell that is filled with 
its maximum number of electrons. 


Electron Valence 


This value is the number of electrons in an incomplete outermost shell (valence 
shell). A completed outer shell has a valence of zero. Copper, for instance, has 
a valence of one, as there is one electron in the last shell, after the inner shells 
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GOOD TO KNOW 


Not all atoms of the same element 
have the same mass number. The 
reason is that the number of 
neutrons contained in the nucleus 
is not the same for all atoms of a 
given element. Since the neutron 
has no net electrical charge, how 
many of them are contained in 
the nucleus of an atom has no 
effect on the chemical and 
electrical characteristics of the 
atom. Atoms of the same element 
but with different atomic masses 
are called isotopes. Almost every 
element has two or more 


isotopes. 


have been completed with their stable number. Similarly, hydrogen has a valence 
of one, and carbon has a valence of four. The number of outer electrons is con- 
sidered positive valence because these electrons are in addition to the stable 
shells. 

Except for H and He, the goal of valence is eight for all atoms, as each tends 
to form the stable structure of eight electrons in the outside ring. For this rea- 
son, valence can also be considered the number of electrons in the outside ring 
needed to make eight. This value is the negative valence. As examples, the 
valence of copper can be considered +1 or —7; carbon has the valence of +4. 
The inert gases have zero valence because they all have complete outer shells. 

The valence indicates how easily the atom can gain or lose electrons. For instance, 
atoms with a valence of +1 can lose this one outside electron, especially to atoms 
with a valence of +7 or —1, which need one electron to complete the outside shell 
with eight electrons. 


Subshells 


Although not shown in the illustrations, all shells except K are divided into sub- 
shells. This subdivision accounts for different types of orbits in the same shell. For 
instance, electrons in one subshell may have elliptical orbits, and other electrons in 
the same main shell have circular orbits. The subshells indicate magnetic properties 
of the atom. 


Particles in the Nucleus 


A stable nucleus (i.e., one that is not radioactive) contains protons and neutrons. The 
neutron is electrically neutral (it has no net charge). Its mass is almost the same as 
that of a proton. 

A proton has the positive charge of a hydrogen nucleus. The charge is the same 
as that of an orbital electron but of opposite polarity. There are no electrons in the 
nucleus. Table 1-3 lists the charge and mass for these three basic particles in all 
atoms. The C in the charge column is for coulombs. 
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Answers at the end of the chapter. 


a. Anelement with 14 protons and 14 electrons has what atomic 
number? 

b. What is the electron valence of an element with an atomic number 
of 3? 

c. Except for H and He, what is the goal of valence for all atoms? 


Table 1-3 Stable Particles in the Atom 


Particle Charge Mass 


Electron, in orbital 0.16 x 10-18 C, negative 1108 < 10 g 


shells 


Proton, in nucleus 0.16 x 107'§ C, positive 1572 X10" Gg 


Neutron, in nucleus None 1475 X10" g 
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GOOD TO KNOW 


The generation of static 
electricity is also referred to as 


the triboelectric effect. 


Figure 1-4 The coulomb (C) unit of 
electric charge. (a) Quantity of 6.25 x 10'° 
excess electrons for a negative charge of 1 
C. (A) Same amount of protons for a 
positive charge of 1 C, caused by removing 
electrons from neutral atoms. 


1Cof 
excess electrons 
in dielectric 


1C of 
excess protons 
in dielectric 


GOOD TO KNOW 


Unlike charges attract and like 


charges repel. 
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1-4 The Coulomb Unit of 
Electric Charge 


If you rub a hard rubber pen or comb on a sheet of paper, the rubber will attract a 
corner of the paper if it is free to move easily. The paper and rubber then give 
evidence of a static electric charge. The work of rubbing resulted in separating 
electrons and protons to produce a charge of excess electrons on the surface of the 
rubber and a charge of excess protons on the paper. 

Because paper and rubber are dielectric materials, they hold their extra elec- 
trons or protons. As a result, the paper and rubber are no longer neutral, but each 
has an electric charge. The resultant electric charges provide the force of attraction 
between the rubber and the paper. This mechanical force of attraction or repulsion 
between charges is the fundamental method by which electricity makes itself 
evident. 

Any charge is an example of static electricity because the electrons or protons are 
not in motion. There are many examples. When you walk across a wool rug, your 
body becomes charged with an excess of electrons. Similarly, silk, fur, and glass can 
be rubbed to produce a static charge. This effect is more evident in dry weather 
because a moist dielectric does not hold its charge so well. Also, plastic materials 
can be charged easily, which is why thin, lightweight plastics seem to stick to 
everything. 

The charge of many billions of electrons or protons is necessary for common 
applications of electricity. Therefore, it is convenient to define a practical unit called 
the coulomb (C) as equal to the charge of 6.25 x 10'8 electrons or protons stored in 
a dielectric (see Fig. 1-4). The analysis of static charges and their forces is called 
electrostatics. 

The symbol for electric charge is Q or q, standing for quantity. For instance, a 
charge of 6.25 x 10"° electrons is stated as Q = 1 C. This unit is named after Charles 
A. Coulomb (1736-1806), a French physicist, who measured the force between 
charges. 


Negative and Positive Polarities 


Historically, negative polarity has been assigned to the static charge produced on 
rubber, amber, and resinous materials in general. Positive polarity refers to the 
static charge produced on glass and other vitreous materials. On this basis, the 
electrons in all atoms are basic particles of negative charge because their polarity 
is the same as the charge on rubber. Protons have positive charge because the 
polarity is the same as the charge on glass. 


Charges of Opposite Polarity Attract 


If two small charged bodies of light weight are mounted so that they are free to move 
easily and are placed close to each other, one can be attracted to the other when the 
two charges have opposite polarity (Fig. 1-5a). In terms of electrons and 
protons, they tend to be attracted to each other by the force of attraction between 
opposite charges. Furthermore, the weight of an electron is only about s4 the 
weight of a proton. As a result, the force of attraction tends to make electrons move 
to protons. 


Charges of the Same Polarity Repel 


In Fig. 1-5b and c, it is shown that when the two bodies have an equal amount of 
charge with the same polarity, they repel each other. The two negative charges 
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PIONEERS 
IN ELECTRONICS 


French natural philosopher Charles- 
Augustin Coulomb (1736-1806) 


developed a method for measuring 


the force of attraction and 
repulsion between two electrically 
charged spheres. Coulomb 
established the law of inverse 
squares and defined the basic unit 


of charge quantity, the coulomb. 


GOOD TO KNOW 


As an aid for determining the 
added charge (+Q) to a neutral 
dielectric, use the following 
equation: 


OS Number of electrons added or removed 
= 6.25 x 1018 electrons/C 


Electricity 


Figure 1-5 Physical force between electric charges. (a) Opposite charges attract. (b) Two 
negative charges repel each other. (c) Two positive charges repel. 


Opposite Like — Like + 
charges charges charges 
attract repel repel 


repel in Fig. 1-5, and two positive charges of the same value repel each other in 
Fig. 1-5c. 


Polarity of a Charge 


An electric charge must have either negative or positive polarity, labeled —Q or +Q, 
with an excess of either electrons or protons. A neutral condition is considered zero 
charge. On this basis, consider the following examples, remembering that the elec- 
tron is the basic particle of charge and the proton has exactly the same amount, 
although of opposite polarity. 


Example 1-1 


A neutral dielectric has 12.5 x 10'° electrons added to it. What is its charge in 
coulombs? 


ANSWER This number of electrons is double the charge of 1 C. Therefore, 
—Q=2C. 


Example 1-2 


A dielectric has a positive charge of 12.5 x 10!* protons. What is its charge in 
coulombs? 


ANSWER _ This is the same amount of charge as in Example 1 but positive. 
Therefore, +O = 2 C. 
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Figure 1-6 Arrows indicate electric 


field around a stationary charge Q. 
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Electric lines 


of force 


< <-- 


Example 1-3 
A dielectric with +Q of 2 C has 12.5 x 10'8 electrons added. What is its charge 
then? 


ANSWER _ The 2 C of negative charge added by the electrons cancels the 
2 C of positive charge, making the dielectric neutral, for Q = 0. 


Example 1-4 


A neutral dielectric has 12.5 x 10'° electrons removed. What is its charge? 


ANSWER _ The 2 C of electron charge removed allows an excess of 
12.5 x 10'* protons. Since the proton and electron have exactly the same amount 
of charge, now the dielectric has a positive charge of +Q = 2 C. 


Note that we generally consider that the electrons move, rather than heavier pro- 
tons. However, a loss of a given number of electrons is equivalent to a gain of the 
same number of protons. 


Charge of an Electron 


The charge of a single electron, designated Q., is 0.16 x 10'S C. This value is the 
reciprocal of 6.25 x 10'8 electrons, which is the number of electrons in 1 coulomb 
of charge. Expressed mathematically, 


~0.=0.16x 10- C 


(—Q, denotes that the charge of the electron is negative.) 

It is important to note that the charge of a single proton, designated Q,, is also 
equal to 0.16 x 107'8 C. However, its polarity is positive instead of negative. 

In some cases, the charge of a single electron or proton will be expressed in sci- 
entific notation. In this case, -Q, = 1.6 x 107!’ C. It is for convenience only that Q, 
or Q, is sometimes expressed as 0.16 x 1078 C instead of 1.6 x 107’ C. The conve- 
nience lies in the fact that 0.16 is the reciprocal of 6.25 and 10~'* is the reciprocal of 
10'8. 


The Electric Field of a Static Charge 


The ability of an electric charge to attract or repel another charge is a physical force. 
To help visualize this effect, lines of force are used, as shown in Fig. 1—6. All the 
lines form the electric field. The lines and the field are imaginary, since they cannot 
be seen. Just as the field of the force of gravity is not visible, however, the resulting 
physical effects prove that the field is there. 

Each line of force, as shown in Fig. 1—6, is directed outward to indicate repulsion 
of another charge in the field with the same polarity as Q, either positive or negative. 
The lines are shorter farther away from Q to indicate that the force decreases 
inversely as the square of the distance. The larger the charge, the greater the force. 
These relations describe Coulomb’s law of electrostatics. 
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Answers at the end of the chapter. 


a. How many electron charges are there in the practical unit of 
1 coulomb? 

b. How much is the charge in coulombs for a surplus of 18.75 x 10'° 
electrons? 

c. Do opposite electric charges attract or repel each other? 


1-5 The Volt Unit of Potential 
Difference 


Potential refers to the possibility of doing work. Any charge has the potential to do 
the work of moving another charge by either attraction or repulsion. When we con- 
sider two unlike charges, they have a difference of potential. 

A charge is the result of work done in separating electrons and protons. Because 
of the separation, stress and strain are associated with opposite charges, since nor- 
mally they would be balancing each other to produce a neutral condition. We could 
consider that the accumulated electrons are drawn tight and are straining themselves 
to be attracted toward protons to return to the neutral condition. Similarly, the work 
of producing the charge causes a condition of stress in the protons, which are trying 
to attract electrons and return to the neutral condition. Because of these forces, the 
charge of electrons or protons has potential because it is ready to give back the work 
put into producing the charge. The force between charges is in the electric field. 


Potential between Different Charges 


When one charge is different from the other, there must be a difference of potential 
between them. For instance, consider a positive charge of 3 C, shown at the right in 
Fig. 1-7a. The charge has a certain amount of potential, corresponding to the 
amount of work this charge can do. The work to be done is moving some electrons, 
as illustrated. 

Assume that a charge of 1 C can move three electrons. Then the charge of +3 C 
can attract nine electrons toward the right. However, the charge of +1 C at the oppo- 
site side can attract three electrons toward the left. The net result, then, is that six 
electrons can be moved toward the right to the more positive charge. 

In Fig. 1-7b, one charge is 2 C, and the other charge is neutral with 0 C. For the 
difference of 2 C, again 2 x 3 or 6 electrons can be attracted to the positive side. 

In Fig. 1—7c, the difference between the charges is still 2 C. The +1 C attracts 
three electrons to the right side. The —1 C repels three electrons to the right side 
also. This effect is really the same as attracting six electrons. 


Figure 1-7 The amount of work required to move electrons between two charges depends on their difference of potential. This potential 
difference (PD) is equivalent for the examples in (a), (b), and (c). 
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PIONEERS 
IN ELECTRONICS 


In 1796, Italian physicist Alessandro 
Volta (1745-1827) developed the 
first chemical battery, which 
provided the first practical source 


of electricity. 


Figure 1-8 Chemical cell as 
a voltage source. (a) Voltage output is the 
potential difference between the two 
terminals. (b) Schematic symbol of any 
DC voltage source with constant polarity. 
Longer line indicates positive side. 
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Therefore, the net number of electrons moved in the direction of the more posi- 
tive charge depends on the difference of potential between the two charges. This 
potential difference is the same for all three cases, as shown in Fig. 1-7. Potential 
difference is often abbreviated PD. 

The only case without any potential difference between charges occurs when 
they both have the same polarity and are equal in amount. Then the repelling and 
attracting forces cancel, and no work can be done in moving electrons between the 
two identical charges. 


The Volt Unit 


The volt unit of potential difference is named after Alessandro Volta (1745-1827). 
Fundamentally, the volt is a measure of the amount of work or energy needed to 
move an electric charge. By definition, when 0.7376 foot-pound (ft-lb) of work is 
required to move 6.25 x 10'% electrons between two points, the potential difference 
between those two points is one volt. (Note that 6.25 x 10'S electrons make up one 
coulomb of charge.) The metric unit of work or energy is the joule (J). One joule is 
the same amount of work or energy as 0.7376 ft- lb. Therefore, we can say that the 
potential difference between two points is one volt when one joule of energy is 
expended in moving one coulomb of charge between those two points. Expressed 
as a formula, 1 V = -=s 

In electronics, potential difference is commonly referred to as voltage, with the 
symbol V. Remember, voltage is the potential difference between two points and 
that two terminals are necessary for a potential difference to exist. A potential dif- 
ference cannot exist at only one point! 

Consider the 2.2-V lead-acid cell in Fig. 1—8a. Its output of 2.2 V means that this 
is the amount of potential difference between the two terminals. The lead-acid cell, 
then, is a voltage source, or a source of electromotive force (emf). The schematic 
symbol for a battery or DC voltage source is shown in Fig. 1—8b. 

Sometimes the symbol Æ is used for emf, but the standard symbol V represents 
any potential difference. This applies either to the voltage generated by a source or 
to the voltage drop across a passive component such as a resistor. 

It may be helpful to think of voltage as an electrical pressure or force. The higher 
the voltage, the more electrical pressure or force. The electrical pressure of voltage is 
in the form of the attraction and repulsion of an electric charge, such as an electron. 

The general equation for any voltage can be stated as 


-W = 
=g (1-1) 


where Vis the voltage in volts, W is the work or energy in joules, and Q is the charge 
in coulombs. 
Let’s take a look at an example. 


Example 1-5 


What is the output voltage of a battery that expends 3.6 J of energy in moving 
0.5 C of charge? 


ANSWER Use equation 1-1. 
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E 7-5 Self-Review 


Answers at the end of the chapter. 


a. How much potential difference is there between two identical 
charges? 

b. If27 J of energy is expended in moving 3 C of charge between two 
points, how much voltage is there between those two points? 


1-6 Charge in Motion Is Current 


When the potential difference between two charges forces a third charge to move, 
the charge in motion is an electric current. To produce current, therefore, charge 
must be moved by a potential difference. 

In solid materials, such as copper wire, free electrons are charges that can be 
forced to move with relative ease by a potential difference, since they require rela- 
tively little work to be moved. As illustrated in Fig. 1-9, if a potential difference is 
connected across two ends of a copper wire, the applied voltage forces the free 
electrons to move. This current is a drift of electrons, from the point of negative 
charge at one end, moving through the wire, and returning to the positive charge at 
the other end. 

To illustrate the drift of free electrons through the copper wire in Fig. 1-9, each 
free electron in the middle row is numbered, corresponding to a copper atom to 
which the free electron once belonged. The free electron at the left is labeled S to 
indicate that it comes from the negative charge of the source of potential difference. 
The free electron S is repelled from the negative charge —Q at the left and is attracted 
by the positive charge +Q at the right. Therefore, the potential difference of the volt- 
age source can make the free electron S move toward the free electron from atom 1. 
Now the free electron from atom 1 is repelled toward the free electron from atom 2. 
In this way, there is a drift of free electrons moving from left to right from one atom 
to the next in the copper wire. The final result is that the free electron labeled 8 at 
the extreme right in Fig. 1-9 moves out from the wire to return to the positive charge 
of the voltage source. 

Considering this case of moving electrons, note that the electron returning to 
the positive side of the voltage source is not the electron labeled S that left the 
negative side. All electrons are the same, however, and have the same charge. 
Therefore, the drift of free electrons resulted in the charge of one electron mov- 
ing through the wire. This charge in motion is the current. With more electrons 
drifting through the wire, the charge of many electrons moves, resulting in more 
current. 


Figure 1-9 Potential difference across the two ends of a copper wire 
conductor causes a drift of free electrons throughout the wire to produce electric current. 


Potential difference = 1.5 V applied voltage 
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GOOD TO KNOW 


In most electronic circuits, the 
current, /, is only a small fraction 


of an ampere. A typical value of 


current in an electronic circuit 
is 0.01 A, which is the same 
as 10 mA. 


Pixtal/Age Fotostock 


PIONEERS 
IN ELECTRONICS 


The unit of measure for current, 
the ampere (A), was named for 
French physicist André Marie Ampére 
(1775-1836). Ampére discovered 
that two parallel wires attract each 
other when currents flow through 
them in the same direction and 


repel each other when currents are 


made to flow in opposite directions. 
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The current is a continuous flow of electrons. Only the electrons move, not the 
potential difference. For ordinary applications, where the wires are not long lines, 
the potential difference produces current instantaneously through the entire length 
of wire. Furthermore, the current must be the same at all points of the wire at any 
time. 


Potential Difference Is Necessary 
to Produce Current 


The number of free electrons that can be forced to drift through a wire to produce a 
moving charge depends upon the amount of potential difference across the wire. 
With more applied voltage, the forces of attraction and repulsion can make more 
free electrons drift, producing more charge in motion. A larger amount of charge 
moving during a given period of time means a higher value of current. Less applied 
voltage across the same wire results in a smaller amount of charge in motion, which 
is a smaller value of current. With zero potential difference across the wire, there is 
no current. 

Two cases of zero potential difference and no current can be considered to 
emphasize that potential difference is needed to produce current. Assume that the 
copper wire is by itself, not connected to any voltage source, so that there is no 
potential difference across the wire. The free electrons in the wire can move from 
atom to atom, but this motion is random, without any organized drift through the 
wire. If the wire is considered as a whole, from one end to the other, the current is 
zero. 

As another example, suppose that the two ends of the wire have the same 
potential. Then free electrons cannot move to either end because both ends 
have the same force and there is no current through the wire. A practical exam- 
ple of this case of zero potential difference would be to connect both ends of 
the wire to just one terminal of a battery. Each end of the wire would have the 
same potential, and there would be no current. The conclusion, therefore, is 
that two connections to two points at different potentials are needed to produce 
a current. 


The Ampere of Current 


Since current is the movement of charge, the unit for stating the amount of cur- 
rent is defined in rate of flow of charge. When the charge moves at the rate of 
6.25 x 10" electrons flowing past a given point per second, the value of the current 
is one ampere (A). This is the same as one coulomb of charge per second. The 
ampere unit of current is named after André M. Ampère (1775-1836). 

Referring back to Fig. 1-9, note that if 6.25 x 10'° free electrons move past p, in 
1 second (s), the current is 1 A. Similarly, the current is 1 A at p, because the elec- 
tron drift is the same throughout the wire. If twice as many electrons moved past 
either point in 1 s, the current would be 2 A. 

The symbol for current is Z or i for intensity, since the current is a measure of 
how intense or concentrated the electron flow is. Two amperes of current in a 
copper wire is a higher intensity than one ampere; a greater concentration of 
moving electrons results because of more electrons in motion. Sometimes cur- 
rent is called amperage. However, the current in electronic circuits is usually in 
smaller units, milliamperes and microamperes. 


How Current Differs from Charge 


Charge is a quantity of electricity accumulated in a dielectric, which is an insula- 
tor. The charge is static electricity, at rest, without any motion. When the charge 
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moves, usually in a conductor, the current J indicates the intensity of the electric- 
ity in motion. This characteristic is a fundamental definition of current: 

Q 

[== 1-2 

z (1-2) 
where / is the current in amperes, Q is in coulombs, and time T is in seconds. It does 
not matter whether the moving charge is positive or negative. The only question is 
how much charge moves and what its rate of motion is. 

In terms of practical units, 


1C 
1A= T3 (1-3) 
One ampere of current results when one coulomb of charge moves past a given point 
in 1 s. In summary, Q represents a specific amount or quantity of electric charge, 
whereas the current J represents the rate at which the electric charge, such as elec- 
trons, is moving. The difference between electric charge and current is similar to the 
difference between miles and miles per hour. 


Example 1-6 


The charge of 12 C moves past a given point every second. How much is the 
intensity of charge flow? 


ANSWER 
1-2- 12C 
T ls 
I=12A 


Example 1-7 


The charge of 5 C moves past a given point in 1 s. How much is the current? 


ANSWER 
_Q_5C 
=T Te 
T=5A 


The fundamental definition of current can also be used to consider the charge as 
equal to the product of the current multiplied by the time. Or 


Q=IXT (1-4) 
In terms of practical units, 
1C=1AxIs (1-5) 


One coulomb of charge results when one ampere of current accumulates charge 
during one second. The charge is generally accumulated in the dielectric of a 
capacitor or at the electrodes of a battery. 
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PIONEERS 
IN ELECTRONICS 


The unit of measure for resistance, 


the ohm, was named for German 
physicist Georg Simon Ohm 
(1789-1854). Ohm is also known 
for his development of Ohm’s 


law: =f. 
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For instance, we can have a dielectric connected to conductors with a current of 
0.4 A. If the current can deposit electrons for 0.2 s, the accumulated charge in the 
dielectric will be 


Q=I1xT=04AX028 
0=0.08C 


The formulas Q = IT for charge and J = Q/T for current illustrate the fundamen- 
tal nature of Q as an accumulation of static charge in an insulator, whereas 
I measures the intensity of moving charges in a conductor. Furthermore, current / is 
different from voltage V. You can have V without J, but you cannot have current 
without an applied voltage. 


The General Nature of Current 


The moving charges that provide current in metal conductors such as copper wire 
are the free electrons of the copper atoms. In this case, the moving charges have 
negative polarity. The direction of motion between two terminals for this electron 
current, therefore, is toward the more positive end. It is important to note, however, 
that there are examples of positive charges in motion. Common applications include 
current in liquids, gases, and semiconductors. For the current resulting from the 
motion of positive charges, its direction is opposite from the direction of electron 
flow. Whether negative or positive charges move, though, the current is still defined 
fundamentally as Q/T. Also, note that the current is provided by free charges, which 
are easily moved by an applied voltage. 


Magnetic Field Associated with an Electric Current 


Every current-carrying conductor has an associated magnetic field with magnetic 
field lines that extend outward from the conductor. The magnetic field lines are circu- 
lar and exist in a plane perpendicular to the direction of current. Also, the strength of 
the magnetic field (the number of magnetic field lines) is proportional to the amount 
of current. In general, a magnetic field is always associated with electric charges in 
motion. In fact, even the orbiting electrons within an atom generate a magnetic field. 
The magnetic field produced by an electric current is the basis for several electro- 
magnetic applications in electronics. For example, relays, speakers, transformers, and 
coils in general are practical applications of electromagnetism. More details of elec- 
tromagnetism and magnetic fields are covered in Chapter 14, “Electromagnetism.” 


E 7-6 Self-Review 


Answers at the end of the chapter. 


a. The flow of 2 C/s of electron charges is how many amperes of 
current? 

b. The symbol for current is / for intensity. (True/False) 

c. How much is the current with zero potential difference? 


1-7 Resistance Is Opposition to Current 


The fact that a wire conducting current can become hot is evidence that the work 
done by the applied voltage in producing current must be accomplished against 
some form of opposition. This opposition, which limits the amount of current that 
can be produced by the applied voltage, is called resistance. Conductors have very 
little resistance; insulators have a large amount of resistance. 

The atoms of a copper wire have a large number of free electrons, which can be 
moved easily by a potential difference. Therefore, the copper wire has little opposition 
to the flow of free electrons when voltage is applied, corresponding to low resistance. 
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Figure 1-10 (a) Wire-wound type of resistor with cement coating for 
insulation. (6) Schematic symbol for any type of fixed resistor. 


Mark Steinmetz/McGraw-Hill Education (a) (b) 

Carbon, however, has fewer free electrons than copper. When the same amount of 
voltage is applied to carbon as to copper, fewer electrons will flow. Just as much current 
can be produced in carbon by applying more voltage. For the same current, though, the 
higher applied voltage means that more work is necessary, causing more heat. Carbon 
opposes the current more than copper, therefore, and has higher resistance. 


The Ohm 


The practical unit of resistance is the ohm. A resistance that develops 0.24 calorie 
of heat when one ampere of current flows through it for one second has one ohm of 
opposition. As an example of a low resistance, a good conductor such as copper 
wire can have a resistance of 0.01 Q for a 1-ft length. The resistance-wire heating 
element in a 600-W 120-V toaster has a resistance of 24 Q, and the tungsten fila- 
ment in a 100-W 120-V lightbulb has a resistance of 144 Q. The ohm unit is named 
after Georg Simon Ohm (1789-1854), a German physicist. 

Figure 1-10a shows a wire-wound resistor. Resistors are also made with powdered 
carbon. They can be manufactured with values from a few ohms to millions of ohms. 

The symbol for resistance is R. The abbreviation used for the ohm unit is the 
Greek letter omega, written as Q. In diagrams, resistance is indicated by a zigzag 
line, as shown by R in Fig. 1-10. 


Conductance 


The opposite of resistance is conductance. The lower the resistance, the higher the 
conductance. Its symbol is G, and the unit is the siemens (S), named after Ernst von 
Siemens (1816-1892), a German inventor. (The old unit name for conductance is 
mho, which is ohm spelled backward.) 


Specifically, G is the reciprocal of R, or G = u 


ra 


Also, R = E 


Example 1-8 


Calculate the resistance for the following conductance values: (a) 0.05 S 


(b) 0.18 


ANSWER 
(@R=4 
2, ih 
0.05 S 
= 20 Q 
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Figure 1-11 Example of an electric 
circuit with a battery as a voltage source 
connected to a lightbulb as a resistance. 
(a) Wiring diagram of the closed path for 
current. (b) Schematic diagram of the 
circuit. 


Battery 
terminals 


(a) 


Voltage 
source 
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-OIS 
=10Q9 


Notice that a higher value of conductance corresponds to a lower value of 
resistance. 


Example 1-9 


Calculate the conductance for the following resistance values: (a) 1 kQ 
(b) 5 kQ. 


ANSWER 


G=} 


_ 1 
~ 1000 Q 


= 0.001 S or 1 mS 


a1 
(b) G=5 


| 
~ 5000 Q 
= 0.0002 S or 200 uS 


Notice that a higher value of resistance corresponds to a lower value of 
conductance. 


E 7-7 Self-Review 
Answers at the end of the chapter. 


a. Which has more resistance, carbon or copper? 

b. With the same voltage applied, which resistance will allow more 
current, 4.7 Q or 5000 Q? 

c. What is the conductance value in siemens units for a 10-Q R? 


1-8 The Closed Circuit 


In applications requiring current, the components are arranged in the form of a cir- 
cuit, as shown in Fig. 1-11. A circuit can be defined as a path for current flow. The 
purpose of this circuit is to light the incandescent bulb. The bulb lights when the 
tungsten-filament wire inside is white hot, producing an incandescent glow. 

The tungsten filament cannot produce current by itself. A source of potential dif- 
ference is necessary. Since the battery produces a potential difference of 1.5 V 
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Figure 1-12 Comparison of voltage (V) 
across a resistance and the current (/) 
through R. 


Current 
through R across R 


Electricity 


across its two output terminals, this voltage is connected across the filament of the 
bulb by the two wires so that the applied voltage can produce current through the 
filament. 

In Fig. 1-115, the schematic diagram of the circuit is shown. Here the compo- 
nents are represented by shorthand symbols. Note the symbols for the battery and 
resistance. The connecting wires are shown simply as straight lines because their 
resistance is small enough to be neglected. A resistance of less than 0.01 Q for the 
wire is practically zero compared with the 300-Q resistance of the bulb. If the resis- 
tance of the wire must be considered, the schematic diagram includes it as addi- 
tional resistance in the same current path. 

Note that the schematic diagram does not look like the physical layout of the 
circuit. The schematic shows only the symbols for the components and their electri- 
cal connections. 

Any electric circuit has three important characteristics: 


1. There must be a source of potential difference. Without the applied 
voltage, current cannot flow. 

2. There must be a complete path for current flow, from one side of the 
applied voltage source, through the external circuit, and returning to the 
other side of the voltage source. 

3. The current path normally has resistance. The resistance is in the circuit 
either to generate heat or limit the amount of current. 


How the Voltage Is Different from the Current 


It is the current that moves through the circuit. The potential difference (PD) does 
not move. 

In Fig. 1-11, the voltage across the filament resistance makes electrons flow 
from one side to the other. While the current is flowing around the circuit, however, 
the potential difference remains across the filament to do the work of moving elec- 
trons through the resistance of the filament. 

The circuit is redrawn in Fig. 1-12 to emphasize the comparison between V and 
I. The voltage is the potential difference across the two ends of the resistance. If you 
want to measure the PD, just connect the two leads of a voltmeter across the resistor. 
However, the current is the intensity of the electron flow past any one point in the 
circuit. Measuring the current is not as easy. You would have to break open the path 
at any point and then insert the current meter to complete the circuit. 

The word across is used with voltage because it is the potential difference 
between two points. There cannot be a PD at one point. However, current can be 
considered at one point, as the motion of charges through that point. 

To illustrate the difference between V and / in another way, suppose that the 
circuit in Fig. 1—11 is opened by disconnecting the bulb. Now no current can flow 
because there is no closed path. Still, the battery has its potential difference. If you 
measure across the two terminals, the voltmeter will read 1.5 V even though the 
current is zero. This is like a battery sitting on a store shelf. Even though the bat- 
tery is not producing current in a circuit, it still has a voltage output between its 
two terminals. This brings us to a very important conclusion: Voltage can exist 
without current, but current cannot exist without voltage. 


The Voltage Source Maintains the Current 


As current flows in a circuit, electrons leave the negative terminal of the cell or 
battery in Fig. 1-11, and the same number of free electrons in the conductor are 
returned to the positive terminal. As electrons are lost from the negative charge 
and gained by the positive charge, the two charges tend to neutralize each other. 
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GOOD TO KNOW 


The actual load for a power 
source could be a motor, fan, 
lightbulb, or heating element, as 


examples. 


GOOD TO KNOW 


A short circuit and open circuit 
are opposites of each other. The 
resistance of a short circuit is 
approximately 0 Q and the 
resistance of an open circuit is 


considered to be infinite (co) Q. 
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The chemical action inside the battery, however, continuously separates elec- 
trons and protons to maintain the negative and positive charges on the outside 
terminals that provide the potential difference. Otherwise, the current would 
neutralize the charges, resulting in no potential difference, and the current would 
stop. Therefore, the battery keeps the current flowing by maintaining the poten- 
tial difference across the circuit. The battery is the voltage source for the 
circuit. 


The Circuit Is a Load on the Voltage Source 


We can consider the circuit as a means whereby the energy of the voltage source is 
carried by the current through the filament of the bulb, where the electric energy is 
used in producing heat energy. On this basis, the battery is the source in the circuit, 
since its voltage output represents the potential energy to be used. The part of the 
circuit connected to the voltage source is the load resistance, since it determines 
how much work the source will supply. In this case, the bulb’s filament is the load 
resistance on the battery. 

The current that flows through the load resistance is the load current. Note that 
a lower value of ohms for the load resistance corresponds to a higher load current. 
Unless noted otherwise, the term load by itself can be assumed generally to mean 
the load current. Therefore, a heavy or big load electrically means a high current 
load, corresponding to a large amount of work supplied by the source. 

In summary, we can say that the closed circuit, normal circuit, or just a circuit is 
a closed path that has V to produce J with R to limit the amount of current. The cir- 
cuit provides a means of using the energy of the battery as a voltage source. The 
battery has its potential difference V with or without the circuit. However, the bat- 
tery alone is not doing any work in producing load current. The bulb alone has 
resistance, but without current, the bulb does not light. With the circuit, the voltage 
source is used to produce current to light the bulb. 


Open Circuit 


When any part of the path is open or broken, the circuit is incomplete because there 
is no conducting path. The open circuit can be in the connecting wires or in the 
bulb’s filament as the load resistance. The resistance of an open circuit is infinitely 
high. The result is no current in an open circuit. 


Short Circuit 


In this case, the voltage source has a closed path across its terminals, but the resis- 
tance is practically zero. The result is too much current in a short circuit. Usually, 
the short circuit is a bypass around the load resistance. For instance, a short across 
the tungsten filament of a bulb produces too much current in the connecting wires 
but no current through the bulb. Then the bulb is shorted out. The bulb is not dam- 
aged, but the connecting wires can become hot enough to burn unless the line has a 
fuse as a safety precaution against too much current. 


E 7-8 Self-Review 


Answers at the end of the chapter. 


Answer true or false for the circuit, shown in Fig. 1-11. 

a. The bulb has a PD of 1.5 V across its filament only when connected 
to the voltage source. 

b. The battery has a PD of 1.5 V across its terminals only when 
connected to the bulb. 

c. The battery by itself, without the wires and the bulb, has a PD of 
1.5 V. 
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1-9 The Direction of Current 


Just as a voltage source has polarity, current has a direction. The reference is with 
respect to the positive and negative terminals of the voltage source. The direction of 
the current depends on whether we consider the flow of negative electrons or the 
motion of positive charges in the opposite direction. 


Electron Flow 


As shown in Fig. 1-13a, the direction of electron drift for the current Z is out from 
the negative side of the voltage source. Current / flows through the external circuit 
with R and returns to the positive side of V. Note that this direction from the negative 
terminal applies to the external circuit connected to the output terminals of the volt- 
age source. Electron flow is also shown in Fig. 1—13c with reversed polarity for V. 

Inside the battery, the electrons move to the negative terminal because this is 
how the voltage source produces its potential difference. The battery is doing the 
work of separating charges, accumulating electrons at the negative terminal and 
protons at the positive terminal. Then the potential difference across the two out- 
put terminals can do the work of moving electrons around the external circuit. For 
the circuit outside the voltage source, however, the direction of the electron flow 
is from a point of negative potential to a point of positive potential. 


Conventional Current 


A motion of positive charges, in the opposite direction from electron flow, is 
considered conventional current. This direction is generally used for analyzing 
circuits in electrical engineering. The reason is based on some traditional defini- 
tions in the science of physics. By the definitions of force and work with posi- 
tive values, a positive potential is considered above a negative potential. Then 
conventional current corresponds to a motion of positive charges “falling down- 
hill” from a positive to a negative potential. The conventional current, therefore, 


Figure 1-13 Direction of / in a closed circuit, shown for electron flow and conventional 
current. The circuit works the same way no matter which direction you consider. (a) Electron 
flow indicated with dashed arrow in diagram. (b) Conventional current indicated with solid 
arrow. (c) Electron flow as in (a) but with reversed polarity of voltage source. (d) Conventional 
Las in (b) but reversed polarity for V. 


Voltage External Voltage External 
source (V) circuit (R) source (V) circuit (R) 


(a) (b) 


Voltage External Voltage External 
source (V) circuit (R) source (V) circuit (R) 


(c) (d) 
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GOOD TO KNOW 


Electrical engineers usually 
analyze electronic circuits using 
conventional current flow, 
whereas electronic technicians 
usually use electron flow. Both 
directions of current flow 
produce the same results. Which 
one to use is mainly a matter of 


personal preference. 


is in the direction of positive charges in motion. An example is shown in Fig. 
1-13b. The conventional / is out from the positive side of the voltage source, 
flows through the external circuit, and returns to the negative side of V. Conven- 
tional current is also shown in Fig. 1-13d, with the voltage source in reverse 
polarity. 


Examples of Mobile Positive Charges 


An ion is an atom that has either lost or gained one or more valence electrons to 
become electrically charged. For example, a positive ion is created when a neutral 
atom loses one or more valence electrons, and thus becomes positively charged. 
Similarly, a negative ion is created when a neutral atom gains one or more valence 
electrons and thus becomes negatively charged. Depending on the number of 
valence electrons that have been added or removed, the charge of an ion may equal 
the charge of one electron (Q.), two electrons (2 Q.), three electrons (3 Q.), and so 
on. Ions can be produced by applying voltage to liquids and gases to ionize the 
atoms. These ions are mobile charges that can provide an electric current. Positive 
or negative ions are much less mobile than electrons, however, because an ion 
includes a complex atom with its nucleus. 

An example of positive charges in motion for conventional current, therefore, is 
the current of positive ions in either liquids or gases. This type of current is referred 
to as ionization current. The positive ions in a liquid or gas flow in the direction of 
conventional current because they are repelled by the positive terminal of the volt- 
age source and attracted to the negative terminal. Therefore, the mobile positive ions 
flow from the positive side of the voltage source to the negative side. 

Another example of a mobile positive charge is the hole. Holes exist in semicon- 
ductor materials such as silicon and germanium. A hole possesses the same amount 
of charge as an electron but instead has positive polarity. Although the details of the 
hole charge are beyond the scope of this discussion, you should be aware that in 
semiconductors, the movement of hole charges are in the direction of conventional 
current. 

It is important to note that protons themselves are not mobile positive charges 
because they are tightly bound in the nucleus of the atom and cannot be released 
except by nuclear forces. Therefore, a current of positive charges is a flow of 
either positive ions in liquids and gases or positive holes in semiconductors. 
Table 1-4 summarizes different types of electric charge that can provide current 
in a circuit. 

In this book, the current is considered as electron flow in the applications where 
electrons are the moving charges. A dotted or dashed arrow, as in Fig. 1—13a and c, is 
used to indicate the direction of electron flow for Z. In Fig. 1-13b and d, the solid 
arrow means the direction of conventional current. These arrows are used for the 
unidirectional current in DC circuits. For AC circuits, the direction of current can be 
considered either way because / reverses direction every half-cycle with the rever- 
sals in polarity for V. 


Table 1-4 | Types of Electric Charges for Current 


Types of Amount of Types of 
Charges Charge Polarity Current Applications 
Electron 0 =O0,116 < 10-" € Negative Electron flow In wire conductors 
lon Qe or multiples of Qe Positive or lon current In liquids and gases 
negative 
Hole 0. = 016x10 C Positive Hole current In p-type semiconductors 
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Figure 1-14 Steady DC voltage of 
fixed polarity, such as the output of a 
battery. Note schematic symbol at left. 


V 
+ DC voltage 


Time 


Figure 1-15 Sine wave AC voltage with 
alternating polarity, such as from an AC 
generator. Note schematic symbol at left. 
The AC line voltage in your home has this 
waveform. 


V 


+ 
AC voltage 
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Answers at the end of the chapter. 


a. Is electron flow out from the positive or negative terminal of the 
voltage source? 

b. Does conventional current return to the positive or negative terminal 
of the voltage source? 

c. Isit true or false that electron flow and conventional current are in 
opposite directions? 


1-10 Direct Current (DC) and 
Alternating Current (AC) 


The electron flow illustrated for the circuit with a bulb in Fig. 1-11 is direct current 
(DC) because it has just one direction. The reason for the unidirectional current is that 
the battery maintains the same polarity of output voltage across its two terminals. 

The flow of charges in one direction and the fixed polarity of applied voltage are 
the characteristics of a DC circuit. The current can be a flow of positive charges, 
rather than electrons, but the conventional direction of current does not change the 
fact that the charges are moving only one way. 

Furthermore, the DC voltage source can change the amount of its output voltage 
but, with the same polarity, direct current still flows only in one direction. This type 
of source provides a fluctuating or pulsating DC voltage. A battery is a steady DC 
voltage source because it has fixed polarity and its output voltage is a steady value. 

An alternating voltage source periodically reverses or alternates in polarity. The 
resulting alternating current (AC), therefore, periodically reverses in direction. In 
terms of electron flow, the current always flows from the negative terminal of the volt- 
age source, through the circuit, and back to the positive terminal, but when the genera- 
tor alternates in polarity, the current must reverse its direction. The 60-cycle AC power 
line used in most homes is a common example. This frequency means that the voltage 
polarity and current direction go through 60 cycles of reversal per second. 

The unit for 1 cycle per second is 1 hertz (Hz). Therefore, 60 cycles per second 
is a frequency of 60 Hz. 

The details of AC circuits are explained in Chapter 15. Direct-current circuits are 
analyzed first because they usually are simpler. However, the principles of DC cir- 
cuits also apply to AC circuits. Both types are important because most electronic 
circuits include AC voltages and DC voltages. A comparison of DC and AC volt- 
ages and their waveforms is illustrated in Figs. 1-14 and 1-15. Their uses are com- 
pared in Table 1-5. 


Table 1-5 Comparison of DC Voltage and AC Voltage 


DC Voltage 


Magnitude remains constant or steady with 


fixed polarity. 


Steady DC voltage cannot be stepped up or 


down by a transformer. 


Schematic symbol for DC voltage source. 


The type of voltage available at the terminals 


of a battary. 


AC Voltage 


Varies in magnitude and reverses in polarity. 


Varying AC voltage can be stepped up or down 
with a transformer for electric power distribution. 


— — 


Schematic symbol for sine wave AC voltage © 
source. 


The type of voltage available at the output of a 
rotary generator such as an alternator. 


Heating effect is the same for direct or alternating current 
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Answers at the end of the chapter. 


a. When the polarity of the applied voltage reverses, the direction of 
current flow also reverses. (True/False) 

b. A battery is a DC voltage source because it cannot reverse the 
polarity across its output terminals. (True/False) 


1-11 Sources of Electricity 


There are electrons and protons in the atoms of all materials, but to do useful work, 
the charges must be separated to produce a potential difference that can make cur- 
rent flow. Some of the more common methods of providing electrical effects are 
listed here. 


Static Electricity by Friction 


In this method, electrons in an insulator can be separated by the work of rubbing 
to produce opposite charges that remain in the dielectric. Examples of how static 
electricity can be generated include combing your hair, walking across a carpeted 
room, or sliding two pieces of plastic across each other. An electrostatic dis- 
charge (ESD) occurs when one of the charged objects comes into contact with 
another dissimilarly charged object. The electrostatic discharge is in the form of 
a spark. The current from the discharge lasts for only a very short time but can be 
very large. 


Conversion of Chemical Energy 


Wet or dry cells and batteries are the applications. Here a chemical reaction pro- 
duces opposite charges on two dissimilar metals, which serve as the negative and 
positive terminals. 


Electromagnetism 


Electricity and magnetism are closely related. Any moving charge has an associ- 
ated magnetic field; also, any changing magnetic field can produce current. A 
motor is an example showing how current can react with a magnetic field to pro- 
duce motion; a generator produces voltage by means of a conductor rotating in a 
magnetic field. 


Photoelectricity 


Some materials are photoelectric, that is, they can emit electrons when light strikes 
the surface. The element cesium is often used as a source of photoelectrons. Also, 
photovoltaic cells or solar cells use silicon to generate output voltage from the light 
input. In another effect, the resistance of the element selenium changes with light. 
When this is combined with a fixed voltage source, wide variations between dark 
current and light current can be produced. Such characteristics are the basis of many 
photoelectric devices, including photoelectric cells and phototransistors as 
examples. 
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Answers at the end of the chapter. 
The excess charges at the negative terminal of a battery are 


Any moving charge has an associated š 
c. An electrostatic discharge (ESD) is in the form of a(n) 


SP 
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Figure 1-16 Typical digital multimeters (DM Ms) (a) Handheld DMM (b) Benchtop DMM. 
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1-12 The Digital Multimeter 


As an electronics technician, you can expect to encounter many situations where it 
will be necessary to measure the voltage, current, or resistance in a circuit. When 
this is the case, a technician will most likely use a digital multimeter (DMM) to 
make these measurements. A DMM may be either a handheld or benchtop unit. 
Both types are shown in Fig. 1-16. All digital meters have numerical readouts that 
display the value of voltage, current, or resistance being measured. 


Measuring Voltage 


Figure 1-17a shows a typical DMM measuring the voltage across the terminals of 
a battery. To measure any voltage, the meter leads are connected directly across the 
two points where the potential difference or voltage exists. For DC voltages, the red 
lead of the meter is normally connected to the positive (+) side of the potential dif- 
ference, whereas the black lead is normally connected to the negative (—) side. 


Figure 1-17 DMM measurements (a) Measuring voltage (b) Measuring current (c) Measuring resistance. 
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GOOD TO KNOW 


Most DMMs have a built-in fuse 
that serves to protect the meter 
from becoming damaged when 
the measured current is 
excessively high. Excessive 
current could result from 
improperly connecting the meter 
into the circuit when measuring 


current. 
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When measuring an alternating (AC) voltage, the orientation of the meter leads 
does not matter since the voltage periodically reverses polarity anyway. 


Measuring Current 


Figure 1—17b shows the DMM measuring the current in a simple DC circuit consist- 
ing of a battery and a resistor. Notice that the meter is connected between the posi- 
tive terminal of the battery and the right lead of the resistor. Unlike voltage 
measurements, current measurements must be made by placing the meter in the path 
of the moving charges. To do this, the circuit must be broken open at some point, 
and then the leads of the meter must be connected across the open points to recom- 
plete the circuit. When measuring the current in a DC circuit, the black lead of the 
meter should be connected to the point that traces directly back to the negative side 
of the potential difference. Likewise, the red lead of the meter should be connected 
to the point that traces directly back to the positive side of the potential difference. 
When measuring AC currents, the orientation of the meter leads is unimportant. 


Measuring Resistance 


Figure l-17c shows the DMM measuring the ohmic value of a single resistor. Note 
that the orientation of the meter leads is unimportant when measuring resistance. 
What is important is that no voltage is present across the resistance being measured, 
otherwise the meter could be damaged. Also, make sure that no other components 
are connected across the resistance being measured. If there are, the measurement 
will probably be both inaccurate and misleading. 


M 71-12 Self-Review 


Answers at the end of the chapter. 


a. When using a DMM to measure voltage, place the meter leads 
directly across the two points of potential difference. (True/False) 

b. When using a DMM to measure current, break open the circuit first 
and then insert the meter across the open points. (True/False) 

c. When using a DMM to measure the value of a single resistor, the 
orientation of the meter leads is extremely important. (True/False) 
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Application in Understanding Alternative and Renewable Energy 


When energy is generated in a way that does not deplete our 
natural resources or harm the environment, it is referred to as 
alternative energy. Alternative energy encompasses all of the 
different types of energy sources that do not burn fossil fuels. 
The most popular sources of alternative energy in use today 
include solar, wind, biomass, hydroelectric, and geothermal. The 
increased use of these alternative energy sources has reduced 
our dependency on fossil fuels considerably. The main benefit, of 
course, is that these alternative energy sources produce little or 
no pollution. 

Another term often encountered is renewable energy. 
Renewable energy refers to energy that is generated from 
natural resources and is replenished naturally, meaning it does 
not run out or become exhausted over time. It is important to 
note that not all alternative energy sources are renewable. 
Nuclear power, for example, is an alternative energy source but 
it is not considered renewable because it is a finite resource that 
will eventually run out. Let’s take a closer look at solar and wind 
energy, which are perhaps the two most popular types of 
alternative and/or renewable energy sources used for generating 
electricity. 


SOLAR ENERGY 


Solar energy, which is renewable, is the energy provided by the 
sun in the form of solar radiation. Solar energy is a clean, 
reliable form of renewable energy because it does not emit any 
greenhouse gases or air pollutants. When we think of solar 
energy, we usually think of the technology associated with 
harnessing the sun’s energy and making it usable. Photovoltaic 
(PV) cells and PV systems in general convert light energy 
(solar energy) directly into electricity. The electricity is in the 
form of a DC voltage and current. Figure 1-18 shows an 
example of a basic PV cell, also called a solar cell. The PV ce 
made from silicon, which is a semiconductor. When incoming 
ight strikes the solar cell, it produces a small potential 
difference or voltage within the cell. (The theory behind the 
generation of this voltage is beyond the scope of this discussion 
and therefore will not be covered here.) Photovoltaic cells are 
usually connected in series and/or parallel to produce higher 
voltages, currents, and power levels. When this is done, the 
arrangement of solar cells is called a PV module. PV modules 
can be grouped together to form much larger photovoltaic 
(PV) arrays. The progression from PV cell to PV module to PV 
array is illustrated in Fig. 1-19. 


is 


Figure 1-18 Photovoltaic cell, also called a solar cell. 
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Photovoltaic cells are used to power calculators, wrist 
watches, and decorative outdoor lighting, to name just a few of 
the more popular applications. Moderately sized PV systems, 
consisting of PV modules, are commonly used in applications 
where electronic equipment is located in remote areas. Some 
examples include providing power for communications 
equipment located on a mountaintop, powering warning signs 
along a highway or interstate, or for pumping water in remote 
areas of a farm or ranch. Many portable and/or remote 
applications of solar energy require power even when the sun 
is not shining. In these applications, a battery is part of the PV 
system and is continuously charged when the sun is shining. 
Much larger PV systems are now being used by electric utility 
companies to generate electricity for our homes and industries. 
There are endless applications of solar energy in use today, 
way too many to list or identify here. As shown in Figure 1-20 


Figure 1-19 PV cells can be connected in series and/or parallel 
to form a PV module. Similarly, PV modules can be arranged to form 
much larger PV arrays. 


Cell 


Module 


CEs 


Bees, 


Figure 1-20 Solar panels mounted on the roof of a house. 
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it is becoming commonplace for home owners to install solar 
panels on the roofs of their homes. In doing so, the home 
owner can significantly reduce the amount of electricity they 
need to purchase from their local electric utility company. The 
electrical energy generated by roof-mounted solar panels is 
determined by their power rating 
Also, the tilt angle and azimuth of the roof are other important 
factors in determining the amount of electricity that can be 
generated. 

There are basically two types of PV systems, grid-connected 
systems and stand-alone systems. The main difference between 
these two systems is that one is connected to the utility grid and 
the other is not. Grid-connected 
operate in conjunction with an electric utility grid. The utility grid 
is a network of cables through which electricity is transported 
from power stations to homes and schools, as well as to 
businesses and industries. 


as well as their efficiency. 


systems are designed to 


The main benefits or advantages of PV systems include the 


following: 

* They are clean, safe, and quiet to operate. 

+ They are highly reliable and thus require little or no 

maintenance. 

+ They are very cost-effective, especially in remote locations. 

+ They provide independence from the power grid and/or 
back-up power during power outages. 

* It is a renewable source of energy. 

The main limitations of PV systems include the following: 

* They usually cannot operate continuously or all of the time. 

+ They are not well suited for energy intensive applications 

such as heating. 

+ They are relatively expensive to buy and install. 

+ Utility or large-scale PV systems require a large amount of 

land and/or space. 


WIND ENERGY 


Wind energy, or wind power as it is sometimes called, is a 
technology that uses wind flow to generate electricity. Wind 
energy is considered renewable energy because no matter how 
much of it is used on any given day, an endless supply is available 
for the future. Like solar energy, wind energy does not emit any 
air pollutants or greenhouse gases. 

Wind turbines are used to convert wind flow, which is motion 
energy, into mechanical energy or power. In turn, the mechanical 
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energy is converted into electricity. Wind turbines are similar to 
the propeller blades on an airplane because they turn or spin in 
the moving air. The turning blades are connected to a rotating 
shaft on an AC generator. The rotating shaft connects to a large 
coil of wire, which is forced to rotate through a strong magnetic 
field within the generator. The rotating coil of wire moving 
through the magnetic field generates electricity in the form of 
an alternating voltage and current (AC). (There are also wind 
turbines that generate DC voltages and currents but they are 
ess common). Figure 1-21 shows a typical wind turbine used for 
generating large amounts of electricity. Wind turbines are often 
grouped together into a single wind power plant, also known as 
a wind farm. These wind farms generate bulk electrical power. 
Electricity from these wind turbines is fed into the utility grid 
and distributed to customers, just as with conventional power 
plants. Wind turbines are available in a wide variety of different 
sizes and capacity (power) ratings. In the United States, the 
average capacity of a utility-scale wind turbine falls somewhere 
in the range of about 2 to 3 megawatts (MW). However, some 
high-end utility-scale wind turbines have capacities approaching 
10 MW. On a much smaller scale, single wind turbines typically 
have a capacity of 50 kilowatts (kW) or less. These smaller wind 
turbines are used for powering homes and telecommunications 
equipment and to pump water, to name just a few of the more 
popular applications. Wind farms have relatively little impact on 
the environment compared to conventional power plants, but 
some concern does exist over the noise produced by the turbine 
blades and the negative visual impact on the landscape. 


Figure 1-21 Wind turbine. 


Image Source/Getty Images 


Chapter 1 


Summary 


Electricity is present in all matter in 
the form of electrons and protons. 


The electron is the basic particle 
of negative charge, and the proton 
is the basic particle of positive 


charge. 

A conductor is a material in which 
electrons can move easily from one 
atom to the next. 

An insulator is a material in which 
electrons tend to stay in their own 
orbit. Another name for insulator is 
dielectric. 

The atomic number of an element 


gives the number of protons in the 
nucleus of the atom, balanced by an 
equal number of orbital electrons. 


Electron valence refers to the 
number of electrons in the 
outermost shell of an atom. Except 
for H and He, the goal of valence is 
eight for all atoms. 


Charges of opposite polarity attract, 
and charges of like polarity repel. 


One coulomb (C) of charge is a 
quantity of electricity 
corresponding to 6.25 x 10'8 
electrons or protons. The symbol for 
charge is Q. 

Potential difference or voltage is an 
electrical pressure or force that 
exists between two points. The unit 
of potential difference is the volt (V). 
1 


V= - In general, V= o 
urrent is the rate of movement of 
ectric charge. The symbol for 
currentis /, and the basic unit of 


measure is the ampere (A). 


= -2. 
1A= Te In general, / = 7 


Resistance is the opposition to the 
flow of current. The symbol for 
resistance is R, and the basic unit of 
measure is the ohm (Q). 


O 


0) 


Conductance is the reciprocal of 
resistance. The symbol for 
conductance is G, and the basic unit 
of measure is the siemens (S). 


R=1/GandG=1/R. 


An electric circuit is a closed path 
for current flow. A voltage must be 
connected across a circuit to 
produce current flow. In the 
external circuit outside the voltage 
source, electrons flow from the 
negative terminal toward the 
positive terminal. 


A motion of positive charges, in the 
opposite direction of electron flow, 
is considered conventional current. 


Voltage can exist without current, 
but current cannot exist without 
voltage. 


Direct current has just one direction 
because a DC voltage source has 
fixed polarity. Alternating current 
periodically reverses in direction as 
the AC voltage source periodically 
reverses in polarity. 


Table 1—6 summarizes the main 
features of electric circuits. 


A digital multimeter is used to 
measure the voltage, current, or 
resistance in a circuit. 


Table 1-6 Electrical Characteristics 


Characteristic Symbol Unit Description 

Electric Oorg* Coulomb (C) Quantity of electrons or protons; 

Charge Q=!/xT 

Current lor i* Ampere (A) Charge in motion; / = Q/T 

Voltage V orv*t Volt (V) Potential difference between two unlike 
charges; makes charge move to 
produce I 

Resistance Ror Ohm (Q) Opposition that reduces amount of 
current; R=1/G 

Conductance G or gt Siemens (S) Reciprocal of R, or G=1/R 


* Small letter q, i, or v is used for an instantaneous value of a varying charge, current, or voltage. 
* E or e is sometimes used for a generated emf, but the standard symbol for any potential difference is V or v in the international system of units (SI). 
* Small letter r or g is used for internal resistance or conductance of transistors. 


Important Terms 


Alternating current (AC) — a current 
that periodically reverses in direction 
as the alternating voltage periodically 
reverses in polarity. 


Atom — the smallest particle of Circuit — a path for current flow. 
an element that still has the same 


see Compound — a combination of two or 
characteristics as the element. 


more elements. 
Atomic number — the number of 
Ampere — the basic unit of current. protons, balanced by an equal 


1A= se. number of electrons, in an atom. 
“15 


Conductance — the reciprocal of 
resistance. 
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Conductor — any material that allows 
the free movement of electric 
charges, such as electrons, to provide 
an electric current. 


Conventional current — the direction of 
current flow associated with positive 
charges in motion. The current flow 
direction is from a positive to a 
negative potential, which is in the 
opposite direction of electron flow. 


Coulomb — the basic unit of electric 
charge. 1 C=6.25 x 10'§ electrons 
or protons. 


Current — a movement of electric charges 
around a closed path or circuit. 


Dielectric — another name for 
insulator. 


Direct current (DC) — a current flow 
that has just one direction. 


Electron — the most basic particle of 
negative charge. 


Electron flow — the movement of 
electrons that provides current ina 
circuit. The current flow direction is 


Related Formulas 


1C=6.25 x 10'® electrons 


wW 
o 
I=0/T 


Self-Test 


Answers at the back of the book. 


1. The most basic particle of negative 
charge is the 


a. coulomb. 
b. electron. 
c. proton. 


d. neutron. 


2. The coulomb is a unit of 
a. electric charge. 
b. potential difference. 
c. current. 


d. voltage. 


3. Which of the following is not a good 
conductor? 


a. copper. 
b. silver. 


c. glass. 


d. gold. 
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from a negative to a positive 
potential, which is in the opposite 
direction of conventional current. 


Electron valence — the number of 
electrons in an incomplete outermost 
shell of an atom. 


Element — a substance that cannot be 
decomposed any further by chemical 
action. 


Free electron — an electron that can 
move freely from one atom to the next. 


nsulator — a material with atoms in 
which the electrons tend to stay in 
their own orbits. 


on — an atom that has either gained or 
lost one or more valence electrons 
to become electrically charged. 


olecule — the smallest unit of a 
compound with the same chemical 
characteristics. 


Neutron — a particle contained in the 
nucleus of an atom that is electrically 
neutral. 


Q=/xKT 
R=1/G 
G=1/R 


4. The electron valence of a neutral 
copper atom is 


a.+1. 
b. O. 

c. +4. 
d.—1. 


5. The unit of potential difference is 
the 


a. volt. 
b. ampere. 


. siemens. 


ie) 


d. coulomb. 


6. Which of the following statements is 
true? 


a. Unlike charges repel each other. 
b. Like charges repel each other. 
c. Unlike charges attract each other. 


d. Both b and c. 


Nucleus — the massive, stable part of 
the atom that contains both protons 
and neutrons. 


Ohm — the unit of resistance. 


Potential difference — a property 
associated with two unlike charges in 
close proximity to each other. 


Proton — the most basic particle of 
positive charge. 


Resistance — the opposition to the flow 
of current in an electric circuit. 


Semiconductor — a material that is 
neither a good conductor nor a good 
insulator. 


Siemens — the unit of conductance. 


Static electricity — any charge, positive 
or negative, that is stationary or not 
in motion. 


Volt — the unit of potential difference or 


1) 
voltage. 1 Vea 


7. Ina metal conductor, such as a 
copper wire, 


a. positive ions are the moving 
charges that provide current. 


b. free electrons are the moving 
charges that provide current. 


c. there are no free electrons. 


d. none of the above. 


8. A 100-Q resistor has a conductance, 
G, of 


a. 0.01 S. 
b. 0.1 S. 
c. 0.001 S. 
d.1S. 


9. The most basic particle of positive 
charge is the 


a. coulomb. 
b. electron. 
c. proton. 


d. neutron. 
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10. If a neutral atom loses one of 
its valence electrons, it becomes 


a(n) 

a. negative ion. 

b. electrically charged atom. 
c. positive ion. 


d. both b and c. 


11. The unit of electric current is the 
a. volt. 
b. ampere. 
c. coulomb. 


d. siemens. 


12.A semiconductor, such as silicon, 
has an electron valence of 


a. +4. 
b.+1. 
c. —7. 
d. 0. 


13. Which of the following statements is 
true? 


a. Current can exist without voltage. 
b. Voltage can exist without current. 


c. Current can flow through an open 
circuit. 


d. Both b and c. 


14. The unit of resistance is the 
a. volt. 
b. coulomb. 


c. siemens. 


d. ohm. 


15. Except for hydrogen (H) and helium 
(He) the goal of valence for an atom 
is 


a. 6. 
Baii 
c. 8. 
d. 4. 


Essay Questions 


1. Name two good conductors, two good insulators, and 7. 


two semiconductors. 


2. Ina metal conductor, what is a free electron? 8. 


16. One ampere of current corresponds 


c. 6.25 x 10'8 electrons. 
d.0.16 X T0 C/s. 


17. Conventional current is considered 


a. the motion of negative charges in 
he opposite direction of electron 


Ow. 


he same direction as electron 
ow. 


t 
Ë 
fl 
b. the motion of positive charges in 
t 
fl 
t 


he motion of positive charges in the 
opposite direction of electron flow. 


d. none of the above. 


18.When using a DMM to measure the 

value of a resistor 

a. make sure that the resistor is ina 
circuit where voltage is present. 

b. make sure there is no voltage 
present across the resistor. 

c. make sure there is no other 
component connected across the 
leads of the resistor. 


d. both b and c. 


19. In a circuit, the opposition to the flow 
of current is called 


a. conductance. 
b. resistance. 
c. voltage. 


d. current. 


20. Aluminum, with an atomic number 
of 13, has 


a. 13 valence electrons. 
b. 3 valence electrons. 


c. 13 protons in its nucleus. 


d. both b and c. 


circuit. 


3. What is the smallest unit of a compound with the same 


chemical characteristics? 


4. Define the term ion. 


5. How does the resistance of a conductor compare to that 


of an insulator? 


21 .The nucleus of an atom is made up 
of 


a. electrons and neutrons. 
b. ions. 
c. neutrons and protons. 


d. electrons only. 


22.How much charge is accumulated 
in a dielectric that is charged by a 
4-A current for 5 seconds? 


a. 16C, 
b. 20C, 
e. 1.250, 
d. 0.8 C. 


23. A charge of 6 C moves past a given 
point every 0.25 second. How much 
is the current flow in amperes? 


a. 24A. 
b. 2.4 A. 
c. 1.5 A. 
d. 12A. 


24. What is the output voltage of a 
battery that expends 12 J of energy 
in moving 1.5 C of charge? 


a. 18V. 
b. 6V. 
ë: 125 mV. 
d.8V. 


25. Which of the following statements is 
false? 


a. The resistance of an open circuit is 
practically zero. 


b. The resistance of a short circuit is 
ractically zero. 


z=) 


c. The resistance of an open circuit is 
nfinitely high. 


d. There is no current in an open 
circuit. 


List three important characteristics of an electric 


Describe the difference between an open circuit and a 
short circuit. 


9. |s the power line voltage available in our homes a DC or 


an AC voltage? 


10. What is the mathematical relationship between 


resistance and conductance? 


11. Briefly describe the electric field of a static charge. 


6. Explain why potential difference is necessary to produce 


current in a circuit. 
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12. Listat least two examples that show how static 
electricity can be generated. 


13. What is another name for an insulator? 
14. List the particles in the nucleus of an atom. 


15. Explain the difference between electron flow and 
conventional current. 


16. Define —3 C of charge and compare it to a charge of 
FG 


Problems 


SECTION 1-4 THE COULOMB UNIT OF ELECTRIC 
CHARGE 
1-1 If 31.25 x 10'8 electrons are removed from a 


neutral dielectric, how much charge is stored in 
coulombs? 


1-2 If 18.75 x 10'8 electrons are added to a neutral 
dielectric, how much charge is stored in coulombs? 


1-3 A dielectric with a positive charge of +5 C has 18.75 x 
10'8 electrons added to it. What is the net charge of the 
dielectric in coulombs? 


1-4 If 93.75 x 10'® electrons are removed from a 
neutral dielectric, how much charge is stored in 
coulombs? 


1-5 If 37.5 x 10" electrons are added to a neutral 
dielectric, how much charge is stored in coulombs? 


SECTION 1-5 THE VOLT UNIT OF POTENTIAL 
DIFFERENCE 


1-6 What is the output voltage of a battery if 10 J of energy 
is expended in moving 1.25 C of charge? 


1-7 What is the output voltage of a battery if 6 | of energy is 
expended in moving 1 C of charge? 


1-8 What is the output voltage of a battery if 12 J of energy 
is expended in moving 1 C of charge? 


1-9 How much is the potential difference between two 
points if 0.5 | of energy is required to move 0.4 C of 
harge between the two points? 


Q 


1-10 How much energy is expended, in joules, if a voltage 
of 12 V moves 1.25 C of charge between two 
points? 


Critical Thinking 


1-23 Suppose that 1000 electrons are removed from a 
neutral dielectric. How much charge, in coulombs, is 
stored in the dielectric? 


1-24 How long will it take an insulator that has a charge 


of +5 C to charge to +30 C if the charging current 
is 2 A? 
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17. Why protons are not considered a source of moving 
charges for current flow? 


18. Write the formulas for each of the following statements: 
(a) current is the time rate of change of charge 
(b) charge is current accumulated over a period of time. 


19. Briefly define each of the following: (a) 1 coulomb (b) 1 volt 
(c) 1 ampere (d) 1 ohm. 


20. Describe the difference between direct and alternating 
current. 


SECTION 1-6 CHARGE IN MOTION IS CURRENT 
1-11 A charge of 2 C moves past a given point every 0.5 s. 
How much is the current? 


1-12 A charge of 1 C moves past a given point every 0.1 s. 
How much is the current? 


1-13 A charge of 0.05 C moves past a given point every 0.1 s. 
How much is the current? 


1-14 A charge of 6 C moves past a given point every 0.3 s. 
How much is the current? 


1-15 A charge of 0.1 C moves past a given point every 0.01 s. 
How much is the current? 


1-16 If a current of 1.5 A charges a dielectric for 5 s, how 
much charge is stored in the dielectric? 


1-17 If a current of 500 mA charges a dielectric for 2s, how 
much charge is stored in the dielectric? 


1-18 If a current of 200 „A charges a dielectric for 20 s, how 
much charge is stored in the dielectric? 


SECTION 1-7 RESISTANCE IS OPPOSITION TO 
CURRENT 


1-19 Calculate the resistance value in ohms for the following 
conductance values: (a) 0.001 S (b) 0.01 S (c) 0.1 S (d) 1 S. 


1-20 Calculate the resistance value in ohms for the following 
conductance values: (a) 0.002 S (b) 0.004 S (c) 0.00833 
S (d) 0.25 S. 


1-21 Calculate the conductance value in siemens for each of 
the following resistance values: (a) 200 Q (b) 100 Q 
(c) 50 Q (d) 25 Q. 


1-22 Calculate the conductance value in siemens for each of the 
following resistance values: (a) 1 Q (b) 10k Q (©) 40 Q 
d05Q. 


1-25 Assume that 6.25 x 10" electrons flow past a given 
point in a conductor every 10 s. Calculate the current / 
in amperes. 


1-26 The conductance of a wire at 100°C is one-tenth its 
value at 25°C. If the wire resistance equals 10 Q at 25°C 
calculate the resistance of the wire at 100°C. 


Chapter 1 


Answers to Self-Reviews 1-1 


a. negative 
b. positive 
c. true 
1-2 a. conductors 
b. silver 
c. silicon 
1-3 a. 14 
b. 1 
c. 8 
1-4 a. 6.25x10'® 
b. -Q=3C 
c. attract 
1-5 a. zero 
b. 9V 
1-6 a. 2A 
b. true 
c. zero 


Laboratory Application Assignment 


In your first lab application assignment you will use a DMM to 
measure the voltage, current, and resistance in Fig. 1—22. 
Refer to Section 1—12, “The Digital Multimeter,” if necessary. 


Equipment: Obtain the following items from your instructor. 
+ Variable dc power supply 
* 1-kQ, %-W resistor 

DMM 


* Connecting leads 


Measuring Voltage 


Set the DMM to measure DC voltage. Be sure the meter leads 
are inserted into the correct jacks (red lead in the VQ jack and 
the black lead in the COM jack). Also, be sure the voltmeter 
range exceeds the voltage being measured. Connect the 

DMM test leads to the variable DC power supply as shown in 
Fig. 1—22a. Adjust the variable DC power supply voltage to any 
value between 5 and 15 V. Record your measured voltage. 

V= Note: Keep the power supply voltage set to 
this value when measuring the current in Fig. 1—22c. 


carbon 
. 4.7Q 
c. 'ZioSor0.1S 


oou 


1-8 a. true 
false 
c. true 
1-9 a. negative 
b. negative 
c. true 
1-10 a. true 
b. true 
1-11 a. electrons 
b. magnetic field 
c. spark 
1-12 a. true 
b. true 
c. false 


Measuring Resistance 


Disconnect the meter leads from the power supply terminals. 
Set the DMM to measure resistance. Keep the meter leads in 
the same jacks you used for measuring voltage. Connect the 
DMM test leads to the leads of the 1 kQ resistor, as shown in 
Fig. 1—22b. Record your measured resistance. 

R= (The measured resistance will most likely be 
displayed as a decimal fraction in kQ.) 


Measuring Current 


Set the DMM to measure DC current. Also, move the red test 
ead to the appropriate jack for measuring small DC currents 
(usually labeled mA). Turn off the variable DC power supply. 
Connect the red test lead of the DMM to the positive (+) 
terminal of the variable DC power supply as shown in Fig. 
1—22c. Also, connect the black test lead of the DMM to one lead 
of the 1 kQ resistor as shown. Finally, connect the other lead of 
the resistor to the negative (—) terminal of the variable DC 


power supply. Turn on the variable DC power supply. Record 
your measured current. 


= 


Figure 1-22 Measuring electrical quantities. (a) Measuring voltage. (b) Measuring resistance. (c) Measuring current. 


Variable DC + 
power supply = 


(black) 


(a) Measuring voltage. 


Design credit Multisim: ©Stockbyte/Getty Images 


Electricity 


(red) 
DM 1 a 7 


(red) (black) 
+ 
< E a 
power supply 


c) Measuring current. 


(b) Measuring resistance. 
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chapter 


Resistors 


esistors are used in a wide variety of applications in all types of electronic 
Rew Their main function in any circuit is to limit the amount of current or to 
produce a desired drop in voltage. Resistors are manufactured in a variety of shapes 
and sizes and have ohmic values ranging from a fraction of an ohm to several 
megohms. The power or wattage rating of a resistor is determined mainly by its 


physical size. There is, however, no direct correlation between the physical size of a 
resistor and its resistance value. 


In this chapter, you will be presented with an in-depth discussion of the following 
resistor topics: resistor types, resistor color coding, potentiometers and rheostats, 
power ratings, and resistor troubles. Ml 


2-1 Types of Resistors 2-4 Rheostats and Potentiometers 
2-2 Resistor Color Coding 2-5 Power Rating of Resistors 
2-3 Variable Resistors 2-6 Resistor Troubles 


After studying this chapter, you should be able to 


List several different types of resistors and m Explain the significance of a resistors power 
describe the characteristics of each type. rating. 

= = /nterpret the resistor color code to m List the most common troubles with 
determine the resistance and tolerance of resistors. 
a resistor. m Explain the precautions that must be 

m Explain the difference between a observed when measuring resistance 
potentiometer and a rheostat. with an ohmmeter. 


carbon-composition derating curve potentiometer tolerance 

resistor metal-film resistor rheostat wire-wound resistor 
carbon-film resistor negative temperature surface-mount zero-ohm resistor 
color coding coefficient (NTC) resistor zero-power 
decade resistance positive temperature taper resistance 

box coefficient (PTC) termistor 
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Figure 2-1 Carbon-composition 
resistor. (a) Internal construction. 

Length is about % in. without leads for 
%-W power rating. Color stripes give R in 
ohms. Tinned leads have coating of solder. 
(b) Resistors mounted on printed-circuit 


(PC) board. 


Molded 
resistance element 


Tinned leads 


(a) 
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2-1 Types of Resistors 


The two main characteristics of a resistor are its resistance R in ohms and its power 
rating in watts (W). Resistors are available in a very wide range of R values, from a 
fraction of an ohm to many kilohms(kQ) and megohms (MQ). One kilohm is 
1000 Q and one megohm is 1,000,000 Q. The power rating for resistors may be as 
high as several hundred watts or as low as “io W. 

The R is the resistance value required to provide the desired current or voltage. 
Also important is the wattage rating because it specifies the maximum power the 
resistor can dissipate without excessive heat. Dissipation means that the power is 
wasted, since the resultant heat is not used. Too much heat can make the resistor 
burn. The wattage rating of the resistor is generally more than the actual power dis- 
sipation, as a safety factor. 

Most common in electronic equipment are carbon resistors with a power rating 
of 1 W or less. The construction is illustrated in Fig. 2—la. The leads extending out 
from the resistor body can be inserted through the holes on a printed-circuit (PC) 
board for mounting as shown in Fig. 2—1b. The resistors on a PC board are often 
inserted automatically by machine. Note that resistors are not polarity-sensitive 
devices. This means that it does not matter which way the leads of a resistor are con- 
nected in a circuit. 

Resistors with higher R values usually have lower wattage ratings because they 
have less current. As an example, a common value is 1 MQ at 4 W, for a resistor only 
% in. long. The lower the power rating, the smaller the actual size of the resistor. How- 
ever, the resistance value is not related to physical size. Figure 2—2 shows several car- 
bon resistors with the same physical size but different resistance values. The different 
color bands on each resistor indicate a different ohmic value. The carbon resistors in 
Fig. 2-2 each have a power rating of ⁄2 W, which is based on their physical size. 


Wire-Wound Resistors 


In this construction, a special type of wire called resistance wire is wrapped around 
an insulating core. The length of wire and its specific resistivity determine the R of 
the unit. Types of resistance wire include tungsten and manganin, as explained in 


Figure 2-2 Carbon resistors with same physical size but different resistance values. The 
physical size indicates a power rating of ⁄2 W. 
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Figure 2-3 Large wire-wound resistors 
with 50-W power rating. (a) Fixed R, length 
of 5 in. (b) Variable R, diameter of 3 in. 


(a) 


Cindy Schroeder/McGraw-Hill Education 


Resistors 


Chapter 11, “Conductors and Insulators.” The insulated core is commonly porce- 
lain, cement, or just plain pressed paper. Bare wire is used, but the entire unit is 
generally encased in an insulating material. Typical fixed and variable wire-wound 
resistors are shown in Fig. 2-3. 

Since they are generally used for high-current applications with low resistance 
and appreciable power, wire-wound resistors are available in wattage ratings from 
1 W up to 100 W or more. The resistance can be less than 1 Q up to several thousand 
ohms. For 2 W or less, carbon resistors are preferable because they are generally 
smaller and cost less. 

In addition, wire-wound resistors are used where accurate, stable resistance val- 
ues are necessary. Examples are precision resistors for the function of an ammeter 
shunt or a precision potentiometer to adjust for an exact amount of R. 


Carbon-Composition Resistors 


These resistors are made of finely divided carbon or graphite mixed with a pow- 
dered insulating material as a binder in the proportions needed for the desired R 
value. As shown in Fig. 2—1a, the resistor element is enclosed in a plastic case for 
insulation and mechanical strength. Joined to the two ends of the carbon resistance 
element are metal caps with leads of tinned copper wire for soldering the connec- 
tions into a circuit. These are called axial leads because they come straight out 
from the ends. Carbon-composition resistors normally have a brown body and 
are cylindrical. 

Carbon-composition resistors are commonly available in R values of 1 Q to 
20 MQ. Examples are 10 Q, 220 Q, 4.7 kQ, and 68 kQ. The power rating is gener- 
ally “o, ', A, 2, 1, or 2 W. 


Film-Type Resistors 


There are two kinds of film-type resistors: carbon-film and metal-film resistors. 
The carbon-film resistor, whose construction is shown in Fig. 2-4, is made by 
depositing a thin layer of carbon on an insulated substrate. The carbon film is then 
cut in the form of a spiral to form the resistive element. The resistance value is 
controlled by varying the proportion of carbon to insulator. Compared to carbon- 
composition resistors, carbon-film resistors have the following advantages: tighter 
tolerances, less sensitivity to temperature changes and aging, and they generate 
less noise internally. 

Metal-film resistors are constructed in a manner similar to the carbon-film type. 
However, in a metal-film resistor, a thin film of metal is sprayed onto a ceramic 
substrate and then cut in the form of a spiral. The construction of a metal-film resis- 
tor is shown in Fig. 2-5. The length, thickness, and width of the metal spiral deter- 
mine the exact resistance value. Metal-film resistors offer more precise R values 


Figure 2-4 Construction of carbon-film Figure 2-5 Construction of metal-film 
resistor. resistor. 
Epoxy Epoxy 
coating coating 
Carbon film Metal film 
Ceramic Ceramic 


Leads 


_- in. ia in. 
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Figure 2-6 Typical chip resistors. 


GOOD TO KNOW 


Another type of resistor is the 
varistor. Varistors are voltage- 
dependant resistors. This means 
that their resistance is dependant 


on the voltage across them. 


Mark Steinmetz/McGraw-Hill Education 


Figure 2-7 


sizes. 
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(a) Thermistor schematic 
symbol. (b) Typical thermistor shapes and 


(b) 


Cindy Schroeder/McGraw-Hill Education 


than carbon-film resistors. Like carbon-film resistors, metal-film resistors are 
affected very little by temperature changes and aging. They also generate very little 
noise internally. In overall performance, metal-film resistors are the best, carbon- 
film resistors are next, and carbon-composition resistors are last. Both carbon- and 
metal-film resistors can be distinguished from carbon-composition resistors by the 
fact that the diameter of the ends is a little larger than that of the body. Furthermore, 
metal-film resistors are almost always coated with a blue, light green, or red lacquer, 
which provides electrical, mechanical, and climate protection. The body color of 
carbon-film resistors is usually tan. 


Surface-Mount Resistors 


Surface-mount resistors, also called chip resistors, are constructed by deposit- 
ing a thick carbon film on a ceramic base. The exact resistance value is deter- 
mined by the composition of the carbon itself, as well as by the amount of 
trimming done to the carbon deposit. The resistance can vary from a fraction of 
an ohm to well over a million ohms. Power dissipation ratings are typically ⁄% 
to ⁄4 W. Figure 2—6 shows typical chip resistors. Electrical connection to the 
resistive element is made via two leadless solder end electrodes (terminals). 
The end electrodes are C-shaped. The physical dimensions of a -W chip resis- 
tor are 0.125 in. long by 0.063 in. wide and approximately 0.028 in. thick. This 
is many times smaller than a conventional resistor having axial leads. Chip 
resistors are very temperature-stable and also very rugged. The end electrodes 
are soldered directly to the copper traces of a circuit board, hence the name 
surface-mount. 


Fusible Resistors 


This type is a wire-wound resistor made to burn open easily when the power rating 
is exceeded. It then serves the dual functions of a fuse and a resistor to limit the 
current. 


Thermistors 


A thermistor is a thermally sensitive resistor whose resistance value changes with 
changes in its operating temperature. Because of the self-heating effect of current 
in a thermistor, the device changes resistance with changes in current. Thermis- 
tors, which are essentially semiconductors, exhibit either a positive temperature 
coefficient (PTC) or a negative temperature coefficient (NTC). If a thermistor 
has a PTC, its resistance increases as the operating temperature increases. Con- 
versely, if a thermistor has an NTC, its resistance decreases as its operating tem- 
perature increases. How much the resistance changes with changes in operating 
temperature depends on the size and construction of the thermistor. Note that the 
resistance does not undergo instantaneous changes with changes in current or 
ambient temperature. A certain time interval, determined by the thermal mass 
(size) of the thermistor, is required for the resistance change. A thermistor with a 
small mass will change more rapidly than one with a large mass. Carbon- and 
metal-film resistors are different: their resistance does not change appreciably 
with changes in operating temperature. 

Figure 2-7a shows the standard schematic symbol for a thermistor. Notice the 
arrow through the resistor symbol and the letter T within the circle. The arrow indi- 
cates that the resistance is variable as the temperature T changes. As shown in Fig. 
2-7b, thermistors are manufactured in a wide variety of shapes and sizes. The 
shapes include beads, rods, disks, and washers. 

Thermistors are frequently used in electronic circuits in which it is desired to 
provide temperature measurement, temperature control, and temperature 
compensation. 
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GOOD TO KNOW 


Because color-coded resistors 
are encountered so frequently in 
electronic circuits, it is highly 
recommended that you memorize 


the resistor color code. 


Figure 2-8 How to read color stripes 
on carbon resistors for Rin ohms. 


Band A first digit 


Band B second digit 


Band C decimal multiplier 


ne D fGold 5% 
orerance 1 Silver 10% 


GOOD TO KNOW 


The third colored band or stripe 
from the left is called the decimal 
multiplier. It is called the decimal 
multiplier because the first two 
digits are multiplied by 10*, 
where x is the number or digit 
corresponding to the color used 
in the third band. For example, if 
the third color band is orange, 
the decimal multiplier is 10? 


or 1000. 


Resistors 


E 2-7 Self-Review 


Answers at the end of the chapter. 


a. An R of 10 Q with a 25-W rating would most likely be a wire-wound 
resistor. (True/False) 

b. A resistance of 10,000 Q is the same as a resistance of 10 KQ. 
(True/False) 

c. Which is more temperature stable, a carbon-composition or a 
metal-film resistor? 

d. Which is larger, a 1000-Q, ⁄2-W or a 1000-Q, 1-W carbon-film 
resistor? 

e. What happens to the resistance of an NTC thermistor when its 
operating temperature increases? 


2-2 Resistor Color Coding 


Because carbon resistors are small, they are color-coded to mark their R value 
in ohms. The basis of this system is the use of colors for numerical values, as 
listed in Table 2—1. In memorizing the colors, note that the darkest colors, 
black and brown, are for the lowest numbers, zero and one, whereas white is 
for nine. The color coding is standardized by the Electronic Industries 
Alliance (EIA). 


Resistance Color Stripes 


The use of colored bands or stripes is the most common system for color- 
coding resistors, as shown in Fig. 2—8. The colored bands or stripes completely 
encircle the body of the resistor and are usually crowded toward one end. Read- 
ing from the left to right, the first band closest to the edge gives the first digit 
in the numerical value of R. The next band indicates the second digit. The third 
band is the decimal multiplier, which tells us how many zeros to add after the 
first two digits. 


Color Numerical Value 


Black (0) 


— 


Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 


Gray 


Si | © | NI] ees |] Uy EA |] OT WS) 


White 
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Figure 2-9 Examples 


of color-coded R values with percent 


tolerance. 
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R = 2500 Q + 5% 


(a) 


R=250 + 5% 
Red 
Green 
Black 
Gold 


(b) 


R=2.5 Q 410% 


(c) 


In Fig. 2—9a, the first stripe is red for 2 and the next stripe is green for 5. The red 
colored decimal multiplier in the third stripe means add two zeros to 25, or multiply 
the number 25 by 10°. The result can be illustrated as follows: 


Red Green Red 
1 ļ J 
2 5 x 100 = 2500 


Therefore, this R value is 2500 Q or 2.5 kQ. 

The example in Fig. 2—9b illustrates that black for the third stripe just means “do 
not add any zeros to the first two digits” or multiply 25 by 10. Since this resistor has 
red, green, and black stripes, the R value is 25 Q. 


Resistors under 10 Q 


For these values, the third stripe is either gold or silver, indicating a fractional deci- 
mal multiplier. When the third stripe is gold, multiply the first two digits by 0.1. In 
Fig. 2—9c, the R value is 


25 X 0.1 = 2.5 Q. 


Silver means a multiplier of 0.01. If the third band in Fig. 2—9c were silver, the 
R value would be 


25 x 0.01 = 0.25 Q. 


It is important to realize that the gold and silver colors represent fractional decimal 
multipliers only when they appear in the third stripe. Gold and silver are used most 
often however as a fourth stripe to indicate how accurate the R value is. The colors 
gold and silver will never appear in the first two color stripes. 


Resistor Tolerance 


The amount by which the actual R can differ from the color-coded value is the toler- 
ance, usually given in percent. For instance, a 2000-Q resistor with +10% tolerance 
can have resistance 10% above or below the coded value. This R, therefore, is 
between 1800 and 2200 Q. The calculations are as follows: 


10% of 2000 is 0.1 x 2000 = 200. 
For +10%, the value is 

2000 + 200 = 2200 Q. 
For —10%, the value is 

2000 — 200 = 1800 Q. 


As illustrated in Fig. 2-8, silver in the fourth band indicates a tolerance of 
+10%, gold indicates +5%. If there is no color band for tolerance, it is +20%. One 
of the main disadvantages of carbon-composition resistors is that they tend to drift 
out of tolerance over time. This is due to the fact that the compressed particles of 
carbon relax over time, thus causing an increase in resistance. Also, as compared to 
other resistor types, carbon-composition resistors have sloppier tolerances. For 
these reasons, carbon-composition resistors are seldom used anymore. However, as 
an electronics technician, you may encounter carbon-composition resistors when 
working on older equipment. 


Five-Band Color Code 


Precision resistors (typically metal-film resistors) often use a five-band color code 
rather than the four-band code, as shown in Fig. 2-8. The purpose is to obtain 
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code. 


Figure 2-10 Five-band 


Orange 

Blue 

Green 
Black 
Green 


Figure 2-11 A zero-ohm resistor is 
indicated by a single black color band 
around the body of the resistor. 


Resistors 


Single black color band 
denotes zero resistance 


more precise R values. With the five-band code, the first three color stripes indi- 
cate the first three digits, followed by the decimal multiplier in the fourth stripe 
and the tolerance in the fifth stripe. In the fifth stripe, the colors brown, red, green, 
blue, and violet represent the following tolerances: 


Brown +1% 
Red +2% 
Green +0.5% 
Blue +0.25% 
Violet +0.1% 


Example 2-1 


What is the resistance indicated by the five-band color code in Fig. 2—10? Also, 
what ohmic range is permissible for the specified tolerance? 


ANSWER The first stripe is orange for the number 3, the second stripe is 
blue for the number 6, and the third stripe is green for the number 5. 
Therefore, the first three digits of the resistance are 3, 6, and 5, respectively. 
The fourth stripe, which is the multiplier, is black, which means add no zeros. 
The fifth stripe, which indicates the resistor tolerance, is green for +0.5%. 
Therefore, R = 365 Q + 0.5%. The permissible ohmic range is calculated as 
365 x 0.005 = +1.825 Q, or 363.175 to 366.825 Q. 


Wire-Wound-Resistor Marking 


Usually, wire-wound resistors are big enough to have the R value printed on the 
insulating case. The tolerance is generally +5% except for precision resistors, which 
have a tolerance of +1% or less. 

Some small wire-wound resistors may be color-coded with stripes, however, like 
carbon resistors. In this case, the first stripe is double the width of the others to 
indicate a wire-wound resistor. Wire-wound resistors that are color-coded generally 
have a power rating of 4 W or less. 


Preferred Resistance Values 


To minimize the problem of manufacturing different R values for an almost unlim- 
ited variety of circuits, specific values are made in large quantities so that they are 
cheaper and more easily available than unusual sizes. For resistors of +10%, the 
preferred values are 10, 12, 15, 18, 22, 27, 33, 39, 47, 56, 68, and 82 with their 
decimal multiples. As examples, 47, 470, 4700, and 47,000 are preferred values. 
In this way, there is a preferred value available within 10% of any R value needed 
in a circuit. See Appendix C for a listing of preferred resistance values for toler- 
ances of +20%, +10%, and +5%. 


Zero-Ohm Resistors 


Believe it or not, there is such a thing as a zero-ohm resistor. In fact, zero-ohm resis- 
tors are quite common. The zero-ohm value is denoted by the use of a single black 
band around the center of the resistor body, as shown in Fig. 2-11. Zero-ohm resis- 
tors are available in %- or “4-W sizes. The actual resistance of a so-called %-W zero- 
ohm resistor is about 0.004 Q, whereas a “%-W zero-ohm resistor has a resistance of 
approximately 0.003 Q. 
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Figure 2-12 Typical chip resistor coding system. 


C-shaped terminals 


used for soldering 
the component to the 
PC board. 


Resistance value Carbon-film deposit xX XX Zero-ohm chip resistor 
marking up 
XXX 
Multiplier (0—9) — 
t L___ second digit (0-9) 
Body First digit (1-9) 
(a) (b) (c) 


But why are zero-ohm resistors used in the first place? The reason is that for most 
printed-circuit boards, the components are inserted by automatic insertion machines 
(robots) rather than by human hands. In some instances, it may be necessary to short 
two points on the printed-circuit board, in which case a piece of wire has to be 
placed between the two points. Because the robot can handle only components such 
as resistors, and not wires, zero-ohm resistors are used. Before zero-ohm resistors 
were developed, jumpers had to be installed by hand, which was time-consuming 
and expensive. Zero-ohm resistors may be needed as a result of an after-the-fact 
design change that requires new point-to-point connections in a circuit. 


Chip Resistor Coding System 


The chip resistor, shown in Fig. 2-12a, has the following identifiable features: 


GOOD TO KNOW 1. A dark film on one side only (usually black, but may also be dark gray or 
i j green) 

Even thoughich i 2. Two C-shaped terminals at each end of the resistor, used for soldering. 

three- or four-digit code to 3. A three- or four-digit number on the dark film side of the resistor. 


indicate their resistance value in } ; ; : ; Es 
The resistance value of a chip resistor is determined from the three-digit number 


ohms, the eiis mey be tee sra! printed on the film or body side of the component. The three digits provide the same 


to read with the naked eye. In information as the first three color stripes on a four-band resistor. This is shown in 
other words, it may be necessary Fig. 2-12b. The first two digits indicate the first two numbers in the numerical value 
to use a magnifying device to of the resistance; the third digit indicates the multiplier. If a four-digit number is used, 


the first three digits indicate the first three numbers in the numerical value of the resis- 
tance, and the fourth digit indicates the multiplier. The letter R is used to signify a deci- 
mal point for values between 1 and 10 ohms as in 2R7 = 2.7 Q. Figure 2—12c shows 
the symbol used to denote a zero-ohm chip resistor. Chip resistors are typically avail- 
able in tolerances of +1% and +5%. It is important to note, however, that the tolerance 
of a chip resistor is not indicated by the three- or four-digit code. 


read the value on the chip 


resistor. 


Example 2-2 


Determine the resistance of the chip resistor in Fig. 2-13. 


Figure 2-13 Chip resistor with number 
coding. 


ANSWER The first two digits are 5 and 6, giving 56 as the first two numbers 
in the resistance value. The third digit, 2, is the multiplier, which means add 2 


zeros to 56 for a resistance of 5600 Q or 5.6 kQ. 
562 
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Figure 2-14 Construction of variable 


carbon resistance control. Diameter is % 


in. (a) External view. (b) Internal view of 
circular resistance element. 


Flat keyway 


for knob 
\ Shaft 


(a) 


1-MQ carbon- 
composition resistance 
element 


Shaft 


Spring wiper 
contact 


Rotating 
arm 


(01019) 


Soldering lugs 


(b) 


GOOD TO KNOW 


The generic symbol for a variable 


resistor is: 


Figure 2-15 Slide control for variable 
R. Length is 2 in. 
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Thermistor Values 


Thermistors are normally rated by the value of their resistance at a reference 
temperature T of 25°C. The value of R at 25°C is most often referred to as the 
zero-power resistance and is designated R,. The term zero-power resistance 
refers to the resistance of the thermistor with zero-power dissipation. Thermis- 
tors normally do not have a code or marking system to indicate their resistance 
value in ohms. In rare cases, however, a three-dot code is used to indicate the 
value of R,. In this case, the first and second dots indicate the first two signifi- 
cant digits, and the third dot is the multiplier. The colors used are the same as 
those for carbon resistors. 


E 2-2 Self-Review 


Answers at the end of the chapter. 


a. Give the color for the number 4. 
. What tolerance does a silver stripe represent? 
Give the multiplier for red in the third stripe. 
. Give R and the tolerance for a resistor coded with yellow, violet, 
brown, and gold stripes. 
e. Assume that the chip resistor in Fig. 2-13 is marked 333. What is its 
resistance value in ohms? 


a0 F 


2-3 Variable Resistors 


Variable resistors can be wire-wound, as in Fig. 2—3b, or carbon type, illustrated in 
Fig. 2-14. Inside the metal case of Fig. 2-14a, the control has a circular disk, shown 
in Fig. 2—14b, that is the carbon-composition resistance element. It can be a thin 
coating on pressed paper or a molded carbon disk. Joined to the two ends are the 
external soldering-lug terminals 1 and 3. The middle terminal is connected to the 
variable arm that contacts the resistor element by a metal spring wiper. As the shaft 
of the control is turned, the variable arm moves the wiper to make contact at differ- 
ent points on the resistor element. The same idea applies to the slide control in 
Fig. 2-15, except that the resistor element is straight instead of circular. 

When the contact moves closer to one end, the R decreases between this terminal 
and the variable arm. Between the two ends, however, R is not variable but always 
has the maximum resistance of the control. 

Carbon controls are available with a total R from 1000 Q to 5 MQ, approxi- 
mately. Their power rating is usually 2 to 2 W. 


Tapered Controls 


The way R varies with shaft rotation is called the taper of the control. With a lin- 
ear taper, a one-half rotation changes R by one-half the maximum value. Simi- 
larly, all values of R change in direct proportion to rotation. For a nonlinear taper, 
though, R can change more gradually at one end with bigger changes at the oppo- 
site end. This effect is accomplished by different densities of carbon in the resis- 
tance element. For a volume control, its audio taper allows smaller changes in R 
at low settings. Then it is easier to make changes without having the volume too 
loud or too low. 


Decade Resistance Box 


As shown in Fig. 2-16, the decade resistance box is a convenient unit for providing 
any one R within a wide range of values. It can be considered test equipment for 
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Figure 2-16 Decade resistance box for 


a wide range of R values. 


GOOD TO KNOW 


The resistance value of a 
potentiometer usually appears on 
the back side of its metal or 
plastic enclosure. In some cases, 


the tolerance is also indicated. 
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trying different R values in a circuit. Inside the box are six series strings of resistors, 
with one string for each dial switch. 


The first dial connects in an R of 0 to 9 Q. It is the units or R x 1 dial. 
The second dial has units of 10 from 0 to 90 Q. It is the tens or 

R x 10 dial. 
The hundreds or R x 100 dial has an R of 0 to 900 Q. 
The thousands or R x 1 k dial has an R of 0 to 9000 Q. 
The ten-thousands or R x 10 k dial provides R values of 0 to 90,000 Q. 
The one-hundred-thousands or R x 100 k dial provides R values of 

0 to 900,000 Q. 


The six dial sections are connected internally so that their values add to one 
another. Then any value from 0 to 999,999 Q can be obtained. Note the exact values 
that are possible. As an example, when all six dials are on 2, the total R equals 
2 + 20 + 200 + 2000 + 20,000 + 200,000 = 222,222 Q. 


E 2-3 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 2-14, which terminal provides variable R? 
. Is an audio taper linear or nonlinear? 
c. In Fig. 2-16, how much is the total R if the R x 100 k and R x 10k 
dials are set to 4 and 7, respectively, and all other dials are set to zero? 


2-4 Rheostats and Potentiometers 


Rheostats and potentiometers are variable resistances, either carbon or wire-wound, 
used to vary the amount of current or voltage in a circuit. The controls can be used 
in either direct current (DC) or alternating current (AC) applications. 

A rheostat is a variable R with two terminals connected in series with a load. The 
purpose is to vary the amount of current. 

A potentiometer, generally called a pot for short, has three terminals. The fixed 
maximum R across the two ends is connected across a voltage source. Then the vari- 
able arm is used to vary the voltage division between the center terminal and the 
ends. This function of a potentiometer is compared with that of a rheostat in 
Table 2-2. 


Rheostat Circuit 


The function of the rheostat R, in Fig. 2-17 is to vary the amount of current through 
R,. For instance, R, can be a small lightbulb that requires a specified value of cur- 
rent, /. Therefore, the two terminals of the rheostat R, are connected in series with 
R, and the voltage source to vary the total resistance R, in the circuit. When R, 
changes, the current J changes, as read by the meter. 


Table 2-2 Potentiometers and Rheostats 


Rheostat Potentiometer 

Two terminals Three terminals 

In series with load and Ends are connected across voltage 
voltage source source 

Varies the current, / Taps off part of the voltage, V 
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Figure 2-18 Potentiometer connected 
across voltage source to function as a 
voltage divider. (a) Wiring diagram. 

(b) Schematic diagram. 


(b) 


Figure 2-19 Small potentiometers and 
trimmers often used for variable controls 
in electronic circuits. Terminal leads are 
formed for insertion into a PC board. 
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Figure 2-17 Rheostat connected in a series circuit to vary the current /. 
Symbol for current meter is A for amperes. 


(Current meter symbol) 


Rheostat R, 
R,=0to5Q 


In Fig. 2-17, R, is 5 Q and the rheostat R, varies from 0 to 5 Q. With R, at its 
maximum of 5 Q, then the total resistance, R, equals 5 + 5 = 10 Q. 

When R, is at its minimum value of 0 Q R, equals 5 Q. As a result, varying the 
rheostat changes the circuit resistance to vary the current through R,. Z increases as 
R decreases. 

It is important that the rheostat have a wattage rating high enough for the maximum 
I when R is minimum. Rheostats are often wire-wound variable resistors used to control 
relatively large values of current in low-resistance circuits for AC power applications. 


Potentiometer Circuit 


The purpose of the circuit in Fig. 2-18 is to tap off a variable part of the 100 V from 
the source. Consider this circuit in two parts: 


1. The applied voltage V is connected across the two end terminals of the 
potentiometer. 
2. The variable voltage V is between the variable arm and an end terminal. 


Two pairs of connections to the three terminals are necessary, with one terminal 
common to the input and output. One pair connects the source voltage V to the end 
terminals | and 3. The other pair of connections is between the variable arm at the 
center terminal and one end. This end has double connections for input and output. 
The other end has only an input connection. 

When the variable arm is at the middle value of the 500-kQ R in Fig. 2-18, the 
50 V is tapped off between terminals 2 and 1 as one-half the 100-V input. The other 
50 V is between terminals 2 and 3. However, this voltage is not used for the output. 

As the control is turned up to move the variable arm closer to terminal 3, more of 
the input voltage is available between 2 and 1. With the control at its maximum R, the 
voltage between 2 and 1 is the entire 100 V. Actually, terminal 2 is then the same as 3. 

When the variable arm is at minimum R, rotated to terminal 1, the output 
between 2 and 1 is zero. Now all the applied voltage is across 2 and 3 with no 
output for the variable arm. It is important to note that the source voltage is not 
short-circuited. The reason is that the maximum R of the potentiometer is always 
across the applied V, regardless of where the variable arm is set. Typical examples 
of small potentiometers used in electronic circuits are shown in Fig. 2-19. 


Potentiometer Used as a Rheostat 


Commercial rheostats are generally wire-wound, high-wattage resistors for power 
applications. However, a small, low-wattage rheostat is often needed in electronic 
circuits. One example is a continuous tone control in a receiver. The control requires 
the variable series resistance of a rheostat but dissipates very little power. 
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GOOD TO KNOW 


Many electronic products 
available today have built-in 
cooling fans to help reduce the 
buildup of heat inside of the 
equipment cabinet. This keeps 
components operating at cooler 
temperatures thus extending 


their life expectancy. 
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A method of wiring a potentiometer as a rheostat is to connect just one end of the 
control and the variable arm, using only two terminals. The third terminal is open, 
or floating, not connected to anything. 

Another method is to wire the unused terminal to the center terminal. When the 
variable arm is rotated, different amounts of resistance are short-circuited. This 
method is preferable because there is no floating resistance. 

Either end of the potentiometer can be used for the rheostat. The direction of 
increasing R with shaft rotation reverses, though, for connections at opposite ends. 
Also, the taper is reversed on a nonlinear control. 

The resistance of a potentiometer is sometimes marked on the enclosure that 
houses the resistance element. The marked value indicates the resistance between 
the outside terminals. 


E 2-4 Self-Review 


Answers at the end of the chapter. 


How many circuit connections to a potentiometer are needed? 
How many circuit connections to a rheostat are needed? 

c. In Fig. 2-18, with a 500-kQ linear potentiometer, how much is the 
output voltage with 400 kQ between terminals 1 and 2? 


SP 


2-5 Power Rating of Resistors 


In addition to having the required ohms value, a resistor should have a wattage rating 
high enough to dissipate the power produced by the current flowing through the resis- 
tance without becoming too hot. Carbon resistors in normal operation often become 
warm, but they should not get so hot that they “sweat” beads of liquid on the insulat- 
ing case. Wire-wound resistors operate at very high temperatures; a typical value is 
300°C for the maximum temperature. If a resistor becomes too hot because of exces- 
sive power dissipation, it can change appreciably in resistance value or burn open. 

The power rating is a physical property that depends on the resistor construction, 
especially physical size. Note the following: 


1. A larger physical size indicates a higher power rating. 

2. Higher wattage resistors can operate at higher temperatures. 

3. Wire-wound resistors are larger and have higher wattage ratings than 
carbon resistors. 


For approximate sizes, a 2-W carbon resistor is about 1 in. long with a /-in. 
diameter; a ⁄4-W resistor is about 0.25 in. long with a diameter of 0.1 in. 

For both types, a higher power rating allows a higher voltage rating. This rating 
gives the highest voltage that may be applied across the resistor without internal 
arcing. As examples for carbon resistors, the maximum voltage is 500 V for a 1-W 
rating, 350 V for '4-W, 250 V for 4-W, and 150 V for 4-W. In wire-wound resistors, 
excessive voltage can produce an arc between turns; in carbon-composition resis- 
tors, the arc is between carbon granules. 


Power Derating Curve 


When a carbon resistor is mounted on a PC board close to other resistors and 
components, all of which are producing heat and enclosed in a confined space, 
the ambient temperature can rise appreciably above 25°C. When carbon resis- 
tors are operated at ambient temperatures of 70°C or less, the commercial 
power rating, indicated by the physical size, remains valid. However, for ambi- 
ent temperatures greater than 70°C, the power rating must be reduced or 
derated. This is shown in Fig. 2—20. Notice that for ambient temperatures up to 
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Figure 2-20 Resistor power derating curve. 
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70°C, the commercial power rating is the same (100%) as that determined by 
the resistor’s physical size. Note, however, that above 70°C, the power rating 
decreases linearly. 

For example, at an ambient temperature of 110°C, the power rating must be 
reduced to 50% of its rated value. This means that a 1-kQ, ⁄2-W resistor operating at 
110°C can safely dissipate only 4 W of power. Therefore, the physical size of the 
resistor must be increased if it is to safely dissipate ⁄2 W at 110°C. In this case, a 
1-kQ, 1-W resistor would be necessary. 

The curve in Fig. 2-20, called a power derating curve, is supplied by the resistor 
manufacturer. For a /2-W carbon resistor, the power derating curve corresponds to a 
6.25 mW reduction in the power rating for each degree Celsius rise in temperature 
above 70°C. This corresponds to a derate factor of 6.25 mW/°C. 


Shelf Life 


Resistors keep their characteristics almost indefinitely when not used. Without any 
current in a circuit to heat the resistor, it has practically no change with age. The 
shelf life of resistors is therefore usually no problem. 


E 2-5 Self-Review 


Answers at the end of the chapter. 


a. The power rating of a resistor is mainly determined by its physical 
size. (True/False) 

b. The power rating of a carbon resistor is not affected by the ambient 
temperature in which it operates. (True/False) 


2-6 Resistor Troubles 


The most common trouble in resistors is an open. When the open resistor is a series 
component, there is no current in the entire series path. 


Noisy Controls 


In applications such as volume and tone controls, carbon controls are preferred 
because the smoother change in resistance results in less noise when the variable 
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GOOD TO KNOW 


When measuring the value of a 
resistor in an electronic circuit, 
make absolutely sure that the 
power is off in the circuit being 
tested. Failure to do so could 


result in damage to the meter! 


Figure 2-21 Parallel R, can lower the 
ohmmeter reading for testing R,. (a) The 
two resistances R, and R, are in parallel. 
(b) R, is isolated by disconnecting one 
end of R}. 
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arm is rotated. With use, however, the resistance element becomes worn by the 
wiper contact, making the control noisy. When a volume or tone control makes a 
scratchy noise as the shaft is rotated, it indicates either a dirty or worn-out resistance 
element. If the control is just dirty, it can be cleaned by spraying the resistance ele- 
ment with a special contact cleaner. If the resistance element is worn out, the control 
must be replaced. 


Checking Resistors with an Ohmmeter 


Resistance is measured with an ohmmeter. The ohmmeter has its own voltage 
source so that it is always used without any external power applied to the resis- 
tance being measured. Separate the resistance from its circuit by disconnecting 
one lead of the resistor. Then connect the ohmmeter leads across the resistance to 
be measured. 

An open resistor reads infinitely high ohms. For some reason, infinite ohms is 
often confused with zero ohms. Remember, though, that infinite ohms means an 
open circuit. The current is zero, but the resistance is infinitely high. Furthermore, 
it is practically impossible for a resistor to become short-circuited in itself. The 
resistor may be short-circuited by some other part of the circuit. However, the con- 
struction of resistors is such that the trouble they develop is an open circuit with 
infinitely high ohms. 

The ohmmeter must have an ohms scale capable of reading the resistance value, 
or the resistor cannot be checked. In checking a 10-MQ resistor, for instance, if the 
highest R the ohmmeter can read is 1 MQ, it will indicate infinite resistance, even if 
the resistor has its normal value of 10 MQ. An ohms scale of 100 MQ or more 
should be used for checking such high resistances. 

To check resistors of less than 10 Q, a low-ohms scale of about 100 Q or less is 
necessary. Center scale should be 6 or less. Otherwise, the ohmmeter will read a 
normally low resistance value as zero ohms. 

When checking resistance in a circuit, it is important to be sure there are no paral- 
lel resistance paths. Otherwise, the measured resistance can be much lower than the 
actual resistor value, as illustrated in Fig. 2-21a. Here, the ohmmeter reads the 
resistance of R, in parallel with R,. To check across R, alone, one end is discon- 
nected, as shown in Fig. 2—21b. 

For very high resistances, it is important not to touch the ohmmeter leads. There 
is no danger of shock, but the body resistance of about 50,000 Q as a parallel path 
will lower the ohmmeter reading. 


Changed Value of R 


In many cases, the value of a carbon-composition resistor can exceed its allowed 
tolerance; this is caused by normal resistor heating over a long period of time. In 
most instances, the value change is seen as an increase in R. This is known as 
aging. As you know, carbon-film and metal-film resistors age very little. A 
surface-mount resistor should never be rubbed or scraped because this will remove 
some of the carbon deposit and change its resistance. 


E 2-6 Self-Review 


Answers at the end of the chapter. 


What is the ohmmeter reading for a short circuit? 

What is the ohmmeter reading for an open resistor? 

Which has a higher R, an open or a short circuit? 

Which is more likely to change in R value after many years of use, a 
metal-film or a carbon-composition resistor? 
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Application in Understanding Varistors and Surge Protectors 


A voltage spike, sometimes called a transient voltage or power 
surge, is a short-duration voltage pulse that lasts for only a very 
s. Voltage spikes or 
of different sources. 
rby lightning strikes 
OO kV, or more, in 
voltage spikes travel 
our homes, schools, 
also originate 
hen motors in 


short time, typically 1 to 30 microsecond 
power surges can originate from a variety 
For example, during a thunderstorm, nea 


can produce voltage spikes as high as 


overhead power lines. These short-duration 


down the power line conductors and into 


and industries. Voltage spikes or power surges can 


from within our home, or other type of facility, w 


air conditioners or refrigerators kick on or off, for example. 


These voltage spikes can reach values as high as 1 kV or more. 
Regardless of the source of the voltage spike, however, if the 
electronic devices and appliances plugged into the 120 or 240 V 
AC power line are not properly protected, they can be partially 
damaged or completely destroyed. To protect these devices or 
appliances, they should be plugged into a surge protector, like the 
one shown in Fig. 2-22. As you can see, the surge protector 


looks like a standard outlet strip with a power cord and multiple 


Figure 2-22 Surge Protector 
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Figure 2-23a Schematic symbol of an MOV. 
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outlets along its length. The surge protectors power cord is 
plugged directly into the 120 V AC power line and the electronic 
devices and/or appliances are plugged into one or more of the 
available outlets. If a high-energy voltage spike appears on the 
incoming 120 V AC power line, the surge protector limits the 
voltage to some predetermined maximum value such as 330 V. 
This voltage-limiting feature protects the electronic devices and 


appliances that are plugged into the outlet strip. 


VARISTOR CHARACTERISTICS 


To protect against voltage spikes or power surges, surge 
protectors use a special type of resistor known as a varistor. A 
varistor is a voltage-dependent, nonlinear resistor, whose 
resistance value depends on its voltage. The current in a varistor 


varies as a power of the voltage, and for a particular varistor it 
may increase by many orders of magnitude when the voltage is 
doubled. Varistors are not polarity-sensitive components, which 
means they have identical characteristics for either polarity of 
voltage. It is also worth noting that metal oxide varistors have a 
negative temperature coefficient. Varistors are typically 
manufactured using metal oxides, such as zinc oxide, and as a 
result, metal oxide varistors are commonly referred to as MOVs. 
It is important to note that the terms varistor and MOV may be 
used interchangeably. Figure 2-23a shows the schematic symbol 
of an MOV and Fig. 2-23b shows a typical volt-ampere 
characteristic. Because the volt-ampere characteristic is 
identical for both polarities of voltage, MOVs are classified as 
being both bilateral and symmetrical. In Fig. 2-23b, notice that 
the current is practically zero until we reach the varistor’s rated 
voltage. The varistors rated voltage, sometimes called the 
nominal voltage, Vii 
varistor begins conducting. The rated or nominal voltage is 


is the minimum voltage at which the 


Figure 2-23b Volt-Ampere Characteristic of a typical MOV. 
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typically specified at a current of 1 mA. Below the rated voltage, 
the MOV exhibits a very high resistance and the MOV can be 
considered to be in its “OFF” or nonconducting state. In the 
absence of any voltage spikes or power surges, this is the normal 
region of operation for the MOV. In fact, an important MOV 
rating is its maximum continuous voltage rating, which is the 
maximum voltage that can continuously be applied across the 


MOV without conducting. This voltage rating is usually 
symbolized as Vyao OF Viygag: When the voltage across the 


MOV increases slightly above its rated voltage, however, the 


resistance of the MOV decreases significantly and the current 
rises rapidly. It is important to note, however, that the voltage 
across the MOV remains relatively constant even as the current 
through the MOV continues to increase. Perhaps the most 
important rating of an MOV is its clamping voltage, designated 
Ve- The clamping voltage, Ve, is the maximum guaranteed 
voltage across the MOV at a specified peak current, |,,. When 
the MOV is conducting and the current is extremely high, the 
energy contained within the pulse is dissipated as heat in the 
MOV. The life of an MOV is determined by the number, duration, 
and intensity of power surges that it experiences over its lifetime. 
If an MOV is exposed to a transient voltage whose amplitude 
is significantly greater than its clamping voltage, its resistance 
decreases drastically. The result is a sharp increase in current 
through the MOV. After a very short delay (usually less than 1 ns) 
the voltage across the MOV returns to its rated clamping 
voltage, Vo, thus limiting the transient voltage to a safe level. The 
energy contained in the transient voltage or power surge is 
absorbed by the MOV, thus protecting the intended circuitry. 
MOVs come in a variety of different shapes and sizes, but 


the most common packaging style is the disc type shown in 
Fig. 2-24. The varistor voltage rating (the nominal voltage, Vnom) 
is determined by several different factors, but perhaps the 
biggest determining factor is its thickness. Typically, the thicker 
the disc wafer, the higher the voltage rating. 

The following is a summary of the most important MOV ratings. 

1. Nominal voltage, V,,,,,—The rated varistor voltage at a 
specified current of 1 (mA). This is considered the 
minimum varistor voltage at which the MOV begins 
conducting. 


Figure 2-24 Metal-Oxide Varistor (MOV). 
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Hot (H) 


Neutral (N) 


Ground (G) 


2. Clamping voltage, V.—The maximum guaranteed 
varistor voltage at a specified peak current. 

3. Maximum continuous voltage, Vyao ~ 
voltage that can be continuously applied across the MOV 
without resulting in any considerable 


The maximum 


current. The 

maximum continuous voltage is always less than the 
nominal voltage, Vnom- 

4. Maximum non-repetitive surge current—The maximum 
peak surge current allowable through the MOV. 

5. Energy rating—The maximum energy, in joules (J), the 
MOV is capable of dissipating under transient conditions 
without causing device failure. 

6. Response time—The time it takes for an MOV to start 
reacting to a voltage spike once the magnitude of the 
voltage spike exceeds the rated clamping voltage, Ve- 

7. Operating ambient temperature range—The range of 
operating temperatures over which the MOV can operate 
under specified ratings. 


SURGE PROTECTOR RATINGS 


Now let’s take a look at the ratings typically associated with 
commercially available surge protectors. The surge protector in 
Fig. 2-22 has an energy absorption/dissipation rating of 1150 
Joules, a voltage protection (clamping voltage) rating of 400 V, 
and a response time rating less than 1 ns. (These are the 
specifications for this model.) The energy absorption/dissipation 
rating, listed as 1150 Joules, indicates the amount of energy the 
surge protector can handle before it fails. The higher this rating 
is, the better the protection. The voltage protection rating, listed 
as 400 V, specifies the maximum voltage the surge protector will 
allow across the 120 V AC power line in the event of a voltage 
spike or power surge. A 
protection. There are three levels or ratings of voltage protection 
listed by Underwriters Laboratory (UL): 330 V, 400 V, and 500 V. 
The response time rating, listed as being less than 1 ns, indicates 
how much of a delay there will be in responding to a voltage 


ower voltage rating indicates better 


spike or power surge. The longer the response time, the longer 
the electronic devices plugged into the power strip will be 
exposed to the incoming power surge. Obviously, the shorter the 
response time, the better the protection. 


The schematic diagram of a typical surge protector is shown 
in Fig. 2-25. The power cord has three conductors: hot (H), 
neutral (N), and ground (G). Inside the surge protector, MOVs 
are connected between hot and neutral (H-N), hot and ground 
(H-G), and neutral and ground (N-G). Three MOVs are needed 


Figure 2-25 Schematic diagram of a surge protector. 
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because voltage spikes may be present on any or all of the 
incoming power line conductors. 


IMPORTANT TIPS 


When purchasing a surge protector, look for one that has 
two indicator lights: Protected and Grounded. |f the Protected light- 
emitting diode (LED) is illuminated, it tells you that the 
voltage-limiting components (MOVs) are still functioning 
properly. If the Grounded LED is illuminated, it tells you that the 
120V AC receptacle, to which the surge protector is plugged into, 
is properly grounded. If the Protected light goes off, it indicates that 
the voltage-limiting components (MOVs) have been destroyed by 


a power surge. In this case, the surge protector has served its 


purpose and it should be replaced. Some surge protectors, like the 
one shown in Fig. 2-22, automatically shut down if a catastrophic 
power surge occurs, or if the MOVs have absorbed as much 
energy (in joules) as they are capable of absorbing. It is important 


to note, however, that most surge protectors will still function 
normally as a power strip even if the MOVs have been destroyed. 


Resistors 


Without some kind of indicator light, there is no way of knowing if 
the surge protector feature of the power strip is still functioning 
properly. If the Grounded LED goes off, it indicates that there is a 
ground-wiring problem in the 120 V AC outlet. Without a proper 
ground, the surge protector is useless. If the Grounded LED is off, 
contact an electrician and have him or her properly ground the 
120 V AC outlet. It is important to note that the surge protector 
will still provide 120 V AC between hot (H) and neutral (N) even if 
the Grounded LED is not illuminated. 

One final point: The surge protector shown in Fig. 2-22 has a 
ighted ON/OFF switch with a built-in circuit breaker. There are 
two reasons why the circuit breaker may trip: either the devices 


plugged into the surge protector are drawing more current than 
the surge protector is rated for (whichis 15 A) or there has been 
a catastrophic power surge. In either case, if the circuit breaker 
trips, wait for a short time and then turn the switch from OFF to 
ON to reset it. As mentioned previously, if the Protected LED 
does not come back on, the surge protector has served its 


purpose and must be replaced. 
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Summary 


The most common types of resistors 
include carbon-composition, carbon- 
film, metal-film, wire-wound, and 
surface-mount or chip resistors. 
Carbon-film and metal-film resistors 
are better than carbon-composition 
resistors because they have tighter 
tolerances, are less affected by 
temperature and aging, and generate 
less noise internally. 


A thermistor is a thermally sensitive 
resistor whose resistance value 
changes with temperature. If the 


resistance of a thermistor increases 
with temperature, it is said to have a 
positive temperature coefficient (PTC). 
If the resistance of a thermistor 
decreases with temperature, it is 
said to have a negative temperature 
coefficient (NTC). 


Important Terms 


Carbon-composition resistor — a type of 
resistor made of finely divided carbon 
mixed with a powdered insulating 
material in the correct proportion to 
obtain the desired resistance value. 


Carbon-film resistor — a type of resistor 
whose construction consists of a thin 
spiral layer of carbon on an insulated 
substrate. 


Color coding — a scheme using colored 
bands or stripes around the body of a 
resistor to indicate the ohmic value 
and tolerance of a resistor. 


Decade resistance box — a variable 
resistance box whose resistance 
value can be varied in 1-Q, 10-Q, 
100-Q, 1000-Q, 10,000-Q, or 
100,000-Q steps. 


Derating curve — a graph showing 
how the power rating of a resistor 
decreases as its operating 
temperature increases. 


Metal-film resistor — a type of resistor 
whose construction consists of a thin 


Self-Test 


Answers at the back of the book. 


1. Acarbon composition resistor 


Wire-wound resistors are typically A potentiometer is a variable 
resistor with three terminals. It is 
used to vary the voltage in a circuit. 
A rheostat is a variable resistor with 
100 W. two terminals. It is used to vary the 


current in a circuit. 


used in high-current applications. 
Wire-wound resistors are available 
with wattage ratings of about 1 to 


Resistors are usually color-coded to 


indicate their resistance value in The physical size of a resistor 
ohms. Either a four-band or a five- 
band code is used. The five-band 
code is used for more precise 


determines its wattage rating: the 
larger the physical size, the larger 
the wattage rating. There is no 

R values. Chip resistors use a three- correlation between a resistors 
or four-digit code to indicate their physical size and its resistance 


resistance value. value. 


The most common trouble in 
resistors is an open. An ohmmeter 


Zero-ohm resistors are used with 
automatic insertion machines 

when it is desired to short two across the leads of an open resistor 
points on a printed-circuit board. 


Zero-ohm resistors are available 


will read infinite, assuming there is 
no other parallel path across the 


in Ys- or %4-W ratings. resistor. 


resistor and has no leads that extend 
out from the body itself.) 


spiral film of metal on a ceramic 
substrate. 


Negative temperature coefficient (NTC) 
— a characteristic of a thermistor 
indicating that its resistance 
decreases with an increase in 
operating temperature. 


Taper — a word describing the way 
the resistance of a potentiometer 
or rheostat varies with the rotation 
of its shaft. 


Thermistor — a resistor whose 
resistance value changes with 
changes in its operating temperature. 


Positive temperature coefficient (PTC) 
— a characteristic of a thermistor 
indicating that its resistance 
increases with an increase 
in operating temperature. 


Tolerance — the maximum allowable 
percent difference between the 
measured and coded values of 

Potentiometer — a three-terminal resistance. 

variable resistor used to vary the 

voltage between the center terminal 


and one of the outside terminals. 


Wire-wound resistor — a type of 
resistor whose construction consists 
of resistance wire wrapped on an 

Rheostat — a two-terminal variable insulating core. 

resistor used to vary the amount of 


current in a circuit. 


Zero-ohm resistor — a resistor whose 
ohmic value is approximately zero 
Surface-mount resistor — a type of ohms. 
resistor constructed by depositing a 
thick carbon film on a ceramic base. 
(A surface-mount resistor is many 


times smaller than a conventional 


Zero-power resistance — the resistance 
of a thermistor with zero-power 
dissipation, designated Ro. 


2. Aresistor with a power rating of 
25 W is most likely a 


a. carbon-composition resistor. 


3. When checked with an ohmmeter, 
an open resistor measures 


a. infinite resistance. 
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having only three color stripes has a 
tolerance of 


a. +5%. 
b. 420%. 


c. 10%. 
d. +100%. 


b. metal-film resistor. 
c. surface-mount resistor. 


d. wire-wound resistor. 


b. its color-coded value. 
c. zero resistance. 


d. less than its color-coded value. 
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4. One precaution to observe when 


checking resistors with an ohmmeter 
is to 


a. check high resistances on the 


blue stripes. What are its resistance 
and tolerance? 


a. 1500 Q + 1.25%. 
b.152Q41%. 


12. With the four-band resistor color 
code, gold in the third stripe 
corresponds to a 


a. fractional multiplier of 0.01. 


lowest ohms range. c. 1521 Q + 0.5%. b. fractional multiplier of 0.1. 


d. 1520 Q + 0.25%. 


b. check low resistances on the 


: c. decimal multiplier of 10. 
highest ohms range. 


Which of the following resistors has dstesisrar tolerance oE: 


c. disconnect all parallel paths. 9. 
the smallest physical size? 


13. Which of the following axial-lead 
resistor types usually has a blue, light 
green, or red body? 


d. make sure your fingers are 
touching each test lead. a. wire-wound resistors. 


b. carbon-composition resistors. 
5. Achip resistor is marked 394. Its P 


resistance value is 
a.394Q. c. 390,000 Q. 
b. 394 Q. d: 39,000 Q. 


= a. wire-wound resistors. 
c. surface-mount resistors. 


; b. carbon-composition resistors. 
d. potentiometers. P 


c. carbon-film resistors. 
10. Which of the following statements is 


true? d. metal-film resistors. 


6. Acarbon-film resistor is color-coded 


with red, violet, black, and gold 14. A surface-mount resistor has a 


a. Resistors always have axial leads. 


stripes. What are its resistance and b. Resistors are always made from coded value of 4R7. This indicates a 
tolerance? carbon. resistance of 
a.27Q45%. c. There is no correlation between a.4.7Q. 
b.270Q +5% the physical size of a resistor and b. 4.7 kQ. 

` are its resistance value. 7 MQ 
c. 270 Q + 10%. = ; : ; c. 4. : 

d. The shelf life of a resistor is about denoreo teabe 
d.27 Q + 10%. one year. . : 
7. A potentiometer is a 11. If a thermistor has a negative 15. Reading from left to right, the 


colored bands on a resistor are 
yellow, violet, brown and gold. If the 
resistor measures 513 Q with an 
ohmmeter, it is 


temperature coefficient (NTC), its 


a. three-terminal device used to vary k 
resistance 


the voltage in a circuit. 
a. increases with an increase in 


b. two-terminal device used to vary operating temperature 


the current in a circuit. 


. . a. well within tolerance. 
È ; b. decreases with a decrease in 
c. fixed resistor. b 


operating temperature. . out of tolerance. 


d. two-terminal device used to vary 


: ee: right on the money. 
the voltage in a circuit. 


c. decreases with an increase in C. 
operating temperature. 


d. close enough to be considered 


8. A metal-film resistor is color-coded d. is unaffected by its operating within tolerance. 
with brown, green, red, brown, and temperature. 
Essay Questions 
1. List five different types of fixed resistors. 7. For resistors using the four-band code, what are the 
values for gold and silver as fractional decimal 
2. List the advantages of using a metal-film resistor versus multipliers in the third band? 


a carbon-composition resistor. 

8. Briefly describe how you would check to see whether a 
1-MQ resistor is open or not. Give two precautions to 
make sure the test is not misleading. 


3. Draw the schematic symbols for a (a) fixed resistor 
(b) potentiometer (c) rheostat (d) thermistor. 


4. How can a technician identify a wire-wound resistor 9. 
that is color-coded? 


Define the term “zero-power resistance” as it relates to 
thermistors. 


5. Explain an application using a decade resistance box. 10. Explain how the ambient temperature affects the power 
rating of a carbon resistor. 
6. List the differences between a potentiometer and a 
rheostat. 
Problems 


2-2 Indicate the resistance and tolerance for each resistor 
shown in Fig. 2-27. 


Answers to odd-numbered problems at the back of the book. 


SECTION 2-2 RESISTOR COLOR CODING 


2-1 Indicate the resistance and tolerance for each resistor 
shown in Fig. 2-26. 


2-3 Indicate the resistance for each chip resistor shown in 
Fig. 2-28. 
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Figure 2-26 Resistors for Prob. 2-1. 


Brown Yellow 
Violet 
Yellow 


Gold 


Green 
Red 
Silver 


(a) (6) (c) 


White 
Brown 


Orange 
Gold 


Brown Orange 
Green Orange 
Red Brown 
Silver 
(h) (i) 
Red 
Red 
Red 
Gold 
(k) 


(n) (0) 


Brown Yellow 
Black Violet 
Orange Red 


Silver 
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Figure 2-27 Resistors for Prob. 2-2. 


Red Blue 
Red Red 
Blue Blue 


Brown 


Orange 
Brown 


(a) (c) 

Green Orange 

Red Violet 
Orange Yellow 


Red 


Silver 
Blue 


(d) (e) 


(9) (h) 


Figure 2-28 Chip resistors for Prob. 2-3. 


2-4 Calculate the permissible ohmic range of a resistor whose 
resistance value and tolerance are (a) 3.9 kQ + 5% 
474 122 (b) 100 Q + 10% (c) 120 kQ + 2% (d) 2.2 Q + 5% 
(ec) 75Q+41%. 


2-5 Using the four-band code, indicate the colors of the 


(2) (6) bands for each of the following resistors: (a) 10 kQ + 
5% (b) 2.7 245% (c) 5.6 kQ + 10% (d) 1.5 MQ + 5% 
(e) 0.22 Q + 5%. 

Sei 1002 


2-6 Using the five-band code, indicate the colors of the bands 
for each of the following resistors: (a) 1109 + 1% 
(b) 34 kQ + 0.5% (c) 82.5 kQ + 2% (d) 62.69 +1% 

(c) (a) (e) 105 kQ + 0.1%. 
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SECTION 2-3 VARIABLE RESISTORS 


2-7 Refer to Fig. 2-29 at the right. Indicate the total Figure 2-29 Decade resistance box. 
resistance R, for each of the different dial settings in 
Table 2-3. 


SECTION 2-4 RHEOSTATS AND POTENTIOMETERS 


2-8 Show two different ways to wire a potentiometer so that 
it will work as a rheostat. 


Mark Steinmetz/McGraw-Hill Education 


Table 2-3 Decade Resistance Box Dial Settings for Problem 2—7 


Rx 100k Rx10k Rx1k Rx 100 Rx10 Rx1 
(a) 6 8 (0) 2 2 5 
(b) (0) (0) 8 2 5 0) 
(c) (0) 1 8 5 (0) 3 
(d) 2 if 5 (0) 6 (0) 
(e) (0) 6 2 9 8 4 
Critical Thinking 
2-9 A manufacturer of carbon-film resistors specifies a maximum voltage that produces the rated power 
maximum working voltage of 250 V for all its '/4-W dissipation can be calculated as V „= VP X R. 
resistors. Exceeding 250 V causes internal arcing within 
the resistor. Above what minimum resistance will the 2-10 What is the power rating of a '/2-W carbon resistor if it 
maximum working voltage be exceeded before its '/4-W is used at an ambient temperature of 120°C? 
power dissipation rating is exceeded? Hint: The 
Answers to Self-Reviews 2-1 a. true 2-4 a. four connections to three 
b. true terminals 
c. metal-film b. two 
d. 1000-Q, 1-W c. 80V 
e. Rdecreases 
2-5 a. true 
2-2 a. yellow b. false 
b. +10% 
c. 100 2-6 a. OQ 
d. 470 Q +5% b. infinite ohms 
e. 33,000 Q or 33 kQ c. open circuit 
d. carbon-composition resistor 
2-3 a. terminal 2 
b. nonlinear 


c. 470,000 Q or 470 kQ 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the four- 
band resistor color code. You will also use a digital multimeter 
(DMM) to measure the resistance values of both fixed and 
variable resistors. 


Equipment: Obtain the following items from your instructor. 
+ An assortment of carbon-film resistors 

* 1-MQ carbon-film resistor (any wattage rating) 

+ 10-kQ potentiometer (any wattage rating) 

< DMM 


Resistor Color Code 


Obtain five different carbon-film resistors from your instructor. 


In the space provided below, indicate the color of each band 
and its corresponding color coded value. The coded value 
should include both the resistance value and tolerance. Finally, 
measure and record the value of each of the five resistors. 


Second Third 
Band Band 


Fourth Coded Measured 
Band 


First 
Band 


Value Value 


N 


x 


DOP PF 


Uv 


Is the measured value of each resistor within its specified 
tolerance? If not, indentify which resistors are 
out of tolerance. 


Resistance Measurement Precautions 


Now let’s use a DMM to measure the value of a 1-MQ resistor. 


Measure the value of the 1-MQ resistor without allowing 
your fingers to touch its leads. Record your measured value. 
RS 

Remeasure the value of the 1-MQ resistor with both of 
your fingers firmly grasping the resistor leads. Record your 
measured value. R= 


Are the measured values different? If so, which 


measurement is incorrect and why? 


Potentiometer 


Locate the 10-kQ potentiometer and position it, as shown in 
Fig. 2-30. 
Measure and record the resistance across terminals 1 and 
IRS Rotate the shaft of the potentiometer back 
and forth. Does the resistance vary? —___ 
Connect the DMM to terminals 1 and 2 of the 
potentiometer. Does the resistance increase or decrease with 
clockwise shaft rotation? 
Connect the DMM to terminals 2 and 3 of the 
potentiometer. Does the resistance increase or decrease with 


clockwise shaft rotation? 
Rotate the shaft of the potentiometer to its midway 


position. Measure and record the resistance across terminals 
land 2, R= Measure and record the resistance 
across terminals 2 and 3. R = Do the sum of these 
resistance values add to equal the resistance across terminals 
1 and 3? 


Rheostat 


In this step, you will convert a potentiometer into a rheostat. 

Connect a jumper across terminals 1 and 2. Connect your 
DMM to terminals 1 and 3. Explain how the resistance varies 
with clockwise shaft rotation. 


Remove the jumper across terminals 1 and 2, and place it 
across terminals 2 and 3. With your DMM connected across 
terminals 1 and 3, explain how the resistance varies with 
clockwise shaft rotation. 


Figure 2-30 Potentiometer. (a) Component body. (b) Schematic symbol. 


Shaft ajA 


Design credit Multisim: ©Stockbyte/Getty Images 
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Ohm’s Law 


he mathematical relationship between voltage, current, and resistance was 

discovered in 1826 by Georg Simon Ohm. The relationship, known as Ohm’s 
law, is the basic foundation for all circuit analysis in electronics. Ohm’s law, which 
is the basis of this chapter, states that the amount of current, /, is directly 
proportional to the voltage, V, and inversely proportional to the resistance, R. 
Expressed mathematically, Ohm’s law is stated as 


j=¥ 


R 


Besides the coverage of Ohm’s law, this chapter also introduces you to the concept 
of power. Power can be defined as the time rate of doing work. The symbol for power 
is P and the unit is the watt. All the mathematical relationships that exist between V, 
l, R, and P are covered in this chapter. 


In addition to Ohm’s law and power, this chapter also discusses electric shock and 
open- and short-circuit troubles. E 


© chapter outline 


3-1 The Current /=V/R 

3-2 The Voltage V=/R 

3-3 The Resistance R= V/I 

3-4 Practical Units 

3-5 Multiple and Submultiple Units 
3-6 The Linear Proportion between V 


and / 


3-7 
3-8 
3-9 

3-10 

3-11 

3-12 


Electric Power 
Power Dissipation in Resistance 
Power Formulas 


Choosing a Resistor for a Circuit 


Electric Shock 


Open-Circuit and Short-Circuit 
Troubles 


After studying this chapter, you should be able to 


List the three forms of Ohm’s law. 


Use Ohm’s law to calculate the current, 
voltage, or resistance in a circuit. 

List the multiple and submultiple units of 
voltage, current, and resistance. 

Explain the linear relationship between V and 
| when Ris constant. 

Explain the difference between a linear and a 
nonlinear resistance. 


Explain the inverse relation between / and R 
when Vis constant. 


mg Explain the difference between work and 
power and list the units of each. 


B® Calculate the power in a circuit when the 
voltage and current, current and resistance, 


or voltage and resistance are known. 


m Determine the required resistance and 
appropriate wattage rating of a resistor. 


Æ Identify the shock hazards associated with 
working with electricity. 


m Explain the difference between an open 
circuit and short circuit. 


ampere 

electron volt (eV) 
horsepower (hp) 
inverse relation 


joule 


kilowatt-hour (kWh) 
linear proportion 
linear resistance 


maximum working 
voltage rating 


nonlinear resistance 


ohm 


open circuit 


power 


volt 


volt-ampere 
characteristic 


watt 


short circuit 
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GOOD TO KNOW 


A piece of equipment known as a 
power supply can provide a 
variable DC output voltage to 
electronic circuits under test. A 
red-colored jack provides 
connection to the positive (+) 
side of the DC voltage whereas a 
black-colored jack provides 
connection to the negative (—) 


side. 
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3-1 The Current /= V/R 


If we keep the same resistance in a circuit but vary the voltage, the current will vary. 
The circuit in Fig. 3—1 demonstrates this idea. The applied voltage V can be varied 
from 0 to 12 V, as an example. The bulb has a 12-V filament, which requires this 
much voltage for its normal current to light with normal intensity. The meter / indi- 
cates the amount of current in the circuit for the bulb. 

With 12 V applied, the bulb lights, indicating normal current. When V is reduced 
to 10 V, there is less light because of less 7. As V decreases, the bulb becomes dim- 
mer. For zero volts applied, there is no current and the bulb cannot light. In sum- 
mary, the changing brilliance of the bulb shows that the current varies with the 
changes in applied voltage. 

For the general case of any V and R, Ohm’s law is 

V 
I= R (3-1) 

where / is the amount of current through the resistance R connected across the 
source of potential difference V. With volts as the practical unit for V and ohms for 
R, the amount of current / is in amperes. Therefore, 
Volts. 
ohms 
This formula states simply to divide the voltage across R by the ohms of resistance 
between the two points of potential difference to calculate the amperes of current 
through R. In Fig. 3—2, for instance, with 6 V applied across a 3-Q resistance, by 
Ohm’s law, the amount of current Z equals % or 2 A. 


Amperes = 


High Voltage but Low Current 


It is important to realize that with high voltage, the current can have a low value 
when there is a very high resistance in the circuit. For example, 1000 V applied 
across 1,000,000 Q results in a current of only 1000 A. By Ohm’s law, 


ai 

T=R 

_ 100V __1 
1,000,000 Q ~ 1000 

1=0.001 A 


The practical fact is that high-voltage circuits usually do have small values of current 
in electronic equipment. Otherwise, tremendous amounts of power would be 
necessary. 


Figure 3-1 Increasing the applied voltage V produces more current / to light the bulb 
with more intensity. 
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CALCULATOR 


To do a division problem like V/R 
in Example 3-1 on the calculator, 
punch in the number 120 for the 
numerator, then press the(=)key 
for division before punching in 
8 for the denominator. Finally, 
press the ©) key for the answer of 
15 on the display. The numerator 


must be punched in first. 


Ohm’s Law 


Figure 3-2 Example of using Ohm’s law. (a) Wiring diagram of a circuit with a 
6-V battery for V applied across a load R. (b) Schematic diagram of the circuit with values for 
land R calculated by Ohm’s law. 


Resistor 
(load) 


Battery 
(voltage 
source) 


(a) (b) 


Low Voltage but High Current 


At the opposite extreme, a low value of voltage in a very low resistance circuit can 
produce a very high current. A 6-V battery connected across a resistance of 0.01 Q 
produces 600 A of current: 


= 
T=R 
__6V 
0.012 
1=600A 


Less /with More R 


Note also the values of / in the following two examples. 


Example 3-1 


A heater with a resistance of 8 Q is connected across the 120-V power line. 
How much is the current 7? 


ANSWER 
jey = 120V 
R 8Q 
IT=15A 
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CALCULATOR 


To do a multiplication problem 
like / X R in Example 3-3 on the 
calculator, punch in the factor 
2.5, then press the (x) key for 
multiplication before punching in 
12 for the other factor. Finally, 
press the ©) key for the answer of 
30 on the display. The factors can 


be multiplied in any order. 
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Example 3-2 


A small lightbulb with a resistance of 2400 Q is connected across the same 
120-V power line. How much is current 7? 


ANSWER 

r- ¥ 120V 

= R~ 2400 Q 
1=0.05A 


Although both cases have the same 120 V applied, the current is much less in 
Example 3-2 because of the higher resistance. 


Typical Vand / 


Transistors and integrated circuits generally operate with a DC supply of 3.3, 5, 6, 
9, 12, 15, 24, or 50 V. The current is usually in millionths or thousandths of one 
ampere up to about 5 A. 


E 3-7 Self-Review 
Answers at the end of the chapter. 


Calculate I for 24 V applied across 8 Q. 
Calculate J for 12 V applied across 8 Q. 
Calculate J for 24 V applied across 12 Q. 
Calculate J for 6 V applied across 1 Q. 


Bop f 


3-2 The Voltage V= /R 


Referring back to Fig. 3-2, the voltage across R must be the same as the source V 
because the resistance is connected directly across the battery. The numerical value 
of this V is equal to the product J x R. For instance, the ZR voltage in Fig. 3—2 is 
2 A x 3 Q, which equals the 6 V of the applied voltage. The formula is 


V=IR (3-2) 


Example 3-3 


If a 12-Q resistor is carrying a current of 2.5 A, how much is its voltage? 


ANSWER 
V=IR 
=25Ax 120 
=30V 
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GOOD TO KNOW 


Since R and G are reciprocals of 
each other, the conductance, G, 
of a circuit can be calculated as 


a 
G=y. 


Figure 3-3 The resistance R of any 
component is its V/ ratio. 


Ohm’s Law 


With / in ampere units and R in ohms, their product V is in volts. In fact, this must 
be so because the / value equal to V/R is the amount that allows the ZR product to be 
the same as the voltage across R. 

Besides the numerical calculations possible with the ZR formula, it is useful to 
consider that the ZR product means voltage. Whenever there is current through a 
resistance, it must have a potential difference across its two ends equal to the ZR 
product. If there were no potential difference, no electrons could flow to produce the 
current. 


E 3-2 Self-Review 
Answers at the end of the chapter. 


a. Calculate V for 0.002 A through 1000 Q. 
b. Calculate V for 0.004 A through 1000 Q. 
c. Calculate V for 0.002 A through 2000 Q. 


3-3 The Resistance R= V// 


As the third and final version of Ohm’s law, the three factors V, /, and R are related 
by the formula 
V 

RST 
In Fig. 3-2, R is 3 Q because 6 V applied across the resistance produces 2 A through 
it. Whenever V and Z are known, the resistance can be calculated as the voltage 
across R divided by the current through it. 

Physically, a resistance can be considered some material whose elements have an 
atomic structure that allows free electrons to drift through it with more or less force 
applied. Electrically, though, a more practical way of considering resistance is sim- 
ply as a V/I ratio. Anything that allows 1 A of current with 10 V applied has a 
resistance of 10 Q. This V/I ratio of 10 Q is its characteristic. If the voltage is dou- 
bled to 20 V, the current will also double to 2 A, providing the same V/I ratio of a 
10-Q resistance. 

Furthermore, we do not need to know the physical construction of a resistance to 
analyze its effect in a circuit, so long as we know its V// ratio. This idea is illustrated 
in Fig. 3-3. Here, a box with some unknown material in it is connected in a circuit 
where we can measure the 12 V applied across the box and the 3 A of current 
through it. The resistance is 12V/3A, or 4 Q. There may be liquid, gas, metal, pow- 
der, or any other material in the box; but electrically the box is just a 4-Q resistance 
because its V/I ratio is 4. 


(3-3) 


Example 3-4 


How much is the resistance of a lightbulb if it draws 0.16 A from a 12-V 
battery? 


ANSWER 
-V 
i 
12V 
0.16 A 
=755Q 
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Figure 3-4 A circle diagram to help in 


memorizing the Ohm’s law formulas V= 
IR, 1=V/R, and R= V/I. The Vis always at 
the top. 
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E 3-3 Self-Review 
Answers at the end of the chapter. 


a. Calculate R for 12 V with 0.003 A. 
b. Calculate R for 12 V with 0.006 A. 
c. Calculate R for 12 V with 0.001 A. 


3-4 Practical Units 


The three forms of Ohm’s law can be used to define the practical units of current, 
potential difference, and resistance as follows: 


1 volt 
1 ohm 


1 ampere = 


1 volt = 1 ampere x 1 ohm 


1 volt 


1 ohm = 
1 ampere 


One ampere is the amount of current through a one-ohm resistance that has one 
volt of potential difference applied across it. 

One volt is the potential difference across a one-ohm resistance that has one 
ampere of current through it. 

One ohm is the amount of opposition in a resistance that has a V/I ratio of 1, 
allowing one ampere of current with one volt applied. 

In summary, the circle diagram in Fig. 3—4 for V = JR can be helpful in using 
Ohm’s law. Put your finger on the unknown quantity and the desired formula 
remains. The three possibilities are 


Cover V and you have JR. 
Cover J and you have V/R. 
Cover R and you have V/I. 


E 3-4 Self-Review 
Answers at the end of the chapter. 


a. Calculate V for 0.007 A through 5000 Q. 
b. Calculate the amount of J for 12,000 V across 6,000,000 Q. 
c. Calculate R for 8 V with 0.004 A. 


3-5 Multiple and Submultiple Units 


The basic units—ampere, volt, and ohm—are practical values in most electric 
power circuits, but in many electronics applications, these units are either too small 
or too big. As examples, resistances can be a few million ohms, the output of a high- 
voltage power supply can be several kilovolts (kV), and the current in transistors and 
integrated circuits is generally thousandths or millionths of an ampere. 

In such cases, it is often helpful to use multiples and submultiples of the basic 
units. These multiple and submultiple values are based on the metric system of 
units discussed earlier. The common conversions for V, J, and R are summarized 
at the end of this chapter, but a complete listing of all metric prefixes is in Table A—2 
in Appendix A. 
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Ohm’s Law 


Example 3-5 
The J of 8 mA flows through a 5-kQ R. How much is the ZR voltage? 


ANSWER 
V=/IR=8x10°x5x10°=8x5 
V=40V 


In general, milliamperes multiplied by kilohms results in volts for the answer, 
as 107° and 10% cancel. 


Example 3-6 
How much current is produced by 60 V across 12 kQ? 
ANSWER 
=¥ -0 _ 
R 12x10 
=5x 10° = 5 mA 


Note that volts across kilohms produces milliamperes of current. Similarly, 
volts across megohms produces microamperes. 


In summary, common combinations to calculate the current / are 


V Me 
kn mA and MO uA 
Also, common combinations to calculate ZR voltage are 
mA x KQ = V 
uA X MQ = V 


These relationships occur often in electronic circuits because the current is gen- 
erally in units of milliamperes or microamperes. A useful relationship to remember 
is that 1 mA is equal to 1000 uA. 


E 3-5 Self-Review 


Answers at the end of the chapter. 

a. Change the following to basic units with powers of 10 instead of 
metric prefixes: 6 mA, 5 KQ, and 3 wA. 

b. Change the following powers of 10 to units with metric prefixes: 
6 x 10° A, 5 x 10° Q, and 3 x 10-6 A. 

c. Which is larger, 2 mA or 20 uA? 

d. How much current flows in a 560-kQ resistor if the voltage is 70 V? 
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3-6 The Linear Proportion between 
Vand / 


The Ohm’s law formula J = V/R states that V and Z are directly proportional for any 
one value of R. This relation between V and J can be analyzed by using a fixed resis- 
tance of 2 Q for R,, as in Fig. 3—5. Then when V is varied, the meter shows J values 
directly proportional to V. For instance, with 12 V, J equals 6 A; for 10 V, the current 
is 5 A; an 8-V potential difference produces 4 A. 

All the values of V and / are listed in the table in Fig. 3—5b and plotted in the 
graph in Fig. 3—5c. The J values are one-half the V values because R is 2 Q. How- 
ever, I is zero with zero volts applied. 


Plotting the Graph 


The voltage values for V are marked on the horizontal axis, called the x axis or 
abscissa. The current values Z are on the vertical axis, called the y axis or ordinate. 

Because the values for V and J depend on each other, they are variable factors. 
The independent variable here is V because we assign values of voltage and note 
the resulting current. Generally, the independent variable is plotted on the x axis, 
which is why the V values are shown here horizontally and the 7 values are on the 
ordinate. 

The two scales need not be the same. The only requirement is that equal dis- 
tances on each scale represent equal changes in magnitude. On the x axis here, 2-V 
steps are chosen, whereas the y axis has 1-A scale divisions. The zero point at the 
origin is the reference. 

The plotted points in the graph show the values in the table. For instance, the 
lowest point is 2 V horizontally from the origin, and 1 A up. Similarly, the next point 
is at the intersection of the 4-V mark and the 2-A mark. 

A line joining these plotted points includes all values of J, for any value of V, with 
R constant at 2 Q. This also applies to values not listed in the table. For instance, if 
we take the value of 7 V up to the straight line and over to the / axis, the graph shows 
3.5 A for I. 


Figure 3-5 Experiment to show that / increases in direct proportion to Vwith the same R. (a) Circuit with variable V but constant 
R. (b) Table of increasing / for higher V. (c) Graph of V and / values. This is a linear volt-ampere characteristic. It shows a direct proportion 
between Vand /. 


V=0to12V 
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(a) 


R constant at 2 Q 


Volts Ohms |Amperes 
vV Q A 


Amperes 


(b) c) 
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GOOD TO KNOW 


In Fig. 3—5c, the slope of the 
straight line increases as R 
decreases. Conversely, the slope 
decreases as R increases. For any 
value of R, the slope of the 
straight line can be calculated as 


AI/AV or t. 


Volt-Ampere Characteristic 


The graph in Fig. 3—5c is called the volt-ampere characteristic of R. It shows how 
much current the resistor allows for different voltages. Multiple and submultiple 
units of Vand J can be used, though. For transistors, the units of J are often milliam- 
peres or microamperes. 


Linear Resistance 


The straight-line (linear) graph in Fig. 3-5 shows that R is a linear resistor. A 
linear resistance has a constant value of ohms. Its R does not change with the 
applied voltage. Then V and / are directly proportional. Doubling the value of V 
from 4 to 8 V results in twice the current, from 2 to 4 A. Similarly, three or four 
times the value of V will produce three or four times /, for a proportional increase 
in current. 


Nonlinear Resistance 


This type of resistance has a nonlinear volt-ampere characteristic. As an example, 
the resistance of the tungsten filament in a lightbulb is nonlinear. The reason is 
that R increases with more current as the filament becomes hotter. Increasing the 
applied voltage does produce more current, but Z does not increase in the same 
proportion as the increase in V. Another example of a nonlinear resistor is a 
thermistor. 


Inverse Relation between /and R 


Whether R is linear or not, the current Zis less for more R with the voltage constant. 
This is an inverse relation, that is, Z goes down as R goes up. Remember that in the 
formula J = WR, the resistance is in the denominator. A higher value of R actually 
lowers the value of the complete fraction. 

The inverse relation between / and R can be illustrated by using a fixed value of 
12 V for the voltage, V in Fig. 3-6. Then when R is varied, the meter shows decreas- 
ing values of J for increasing values of R. For instance, in Fig. 3-6a when 
R equals 2 Q, 7 equals 6 A; when R equals 4 Q, J equals 3 A and when R equals 6 Q, 
I equals 2 A. All the values of Z and R are listed Table 3-6b and plotted in the graph 
of Fig. 3-6c. 


Figure 3-6 The current (/) is inversely proportional to the resistance R, (a) Circuit with variable R but constant V, (b) Table of decreasing 
| for higher R values. (c) Graph of the / and R values. This graph shows that the relationship between / and R is not linear. 
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GOOD TO KNOW 


When the voltage, V, is constant, 
the relationship between / and R 
is not linear. This means that 
equal changes in R do not 
produce equal changes in/.A 
graph of I versus R with V 


constant is called a hyperbola. 


PIONEERS 
IN ELECTRONICS 


The unit of electric power, the watt, 
is named for Scottish inventor and 
engineer James Watt (1736-1819). 
One watt equals one joule of energy 


transferred in one second. 
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Notice that the relation between 7 and R is not linear. The table in Fig. 3-6b 
and the graph in Fig. 3-6c show that equal increases in the resistance, R do not 
produce equal decreases in the current, 7. As a numerical example, when R is 
increased from 2 Q to 4 Q, I decreases from 6 A to 3A which is a 3 A change in 
current. However, when R increases from 4 Q to 6 Q, J decreases from 3 A to2 A 
which is only a 1 A change. The graph of J versus R in Fig. 3-6c is called a hyper- 
bola corresponding to the reciprocal relation Y = 1/X. This graph shows that the 
value of J drops sharply at first and then decreases more gradually as the value of 
R is increased. 


E 3-6 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 3-5c are the values of J on the y or x axis? 
In Fig. 3-5c is R linear or nonlinear? 

c. Ifthe voltage across a 5-Q resistor increases from 10 V to 20 V, what 
happens to I? 

d. The voltage across a 5-Q resistor is 10 V. If R is doubled to 10 Q, 
what happens to J? 


3-7 Electric Power 


The unit of electric power is the watt (W), named after James Watt (1736-1819). 
One watt of power equals the work done in one second by one volt of potential dif- 
ference in moving one coulomb of charge. 

Remember that one coulomb per second is an ampere. Therefore, power in watts 
equals the product of volts times amperes. 


Power in watts = volts x amperes 


P=VxI (3-4) 


When a 6-V battery produces 2 A in a circuit, for example, the battery is generating 
12 W of power. 
The power formula can be used in three ways: 


P=VXT P 
I=P+V or y 
V=P+I or A 


Which formula to use depends on whether you want to calculate P, /, or V. Note the 
following examples. 


Example 3-7 


A toaster takes 10 A from the 120-V power line. How much power is used? 


ANSWER 
P=VXxI=120VXx10A 
P=1200W or 1.2kW 
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GOOD TO KNOW 


Since V= hen W=VeGo: 


Therefore, P = v x Q 


Since | =Ê then P= V x1. 


Q 


Ohm’s Law 


GrP = Vx->. 


Example 3-8 


How much current flows in the filament of a 300-W bulb connected to the 
120-V power line? 


ANSWER 
j=? 300W 
V 120V 
I=2.5A 


Example 3-9 


How much current flows in the filament of a 60-W bulb connected to the 120-V 
power line? 


ANSWER 


T=0.5A or 500mA 


Note that the lower wattage bulb uses less current. 


Work and Power 


Work and energy are essentially the same with identical units. Power is different, 
however, because it is the time rate of doing work. 

As an example of work, if you move 100 lb a distance of 10 ft, the work is 
100 Ib x 10 ft or 1000 ft-lb, regardless of how fast or how slowly the work is done. 
Note that the unit of work is foot-pounds, without any reference to time. 

However, power equals the work divided by the time it takes to do the work. If it 
takes 1 s, the power in this example is 1000 ft-Ib/s; if the work takes 2 s, the power 
is 1000 ft-lb in 2 s, or 500 ft-Ib/s. 

Similarly, electric power is the rate at which charge is forced to move by voltage. 
This is why power in watts is the product of volts and amperes. The voltage states 
the amount of work per unit of charge; the current value includes the rate at which 
the charge is moved. 


Watts and Horsepower Units 


A further example of how electric power corresponds to mechanical power is the 
fact that 


746 W = 1 hp = 550 ft-lb/s 


This relation can be remembered more easily as 1 hp equals approximately 3⁄4 kilo- 
watt (kW). One kilowatt = 1000 W. 
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PIONEERS 
IN ELECTRONICS 


The SI unit of measure for electrical 
energy is the joule. Named for 
English physicist James Prescott Joule 
(1818-1889), one joule (J) is equal 


to one volt-coulomb. 
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Practical Units of Power and Work 


Starting with the watt, we can develop several other important units. The fundamen- 
tal principle to remember is that power is the time rate of doing work, whereas work 
is power used during a period of time. The formulas are 


— work = 
Power = AmE (3-5) 
and 
Work = power x time (3—6) 


With the watt unit for power, one watt used during one second equals the work of 
one joule. Or one watt is one joule per second. Therefore, 1 W = 1 J/s. The joule is 
a basic practical unit of work or energy. 

To summarize these practical definitions, 


1 joule = | watt - second 
1 watt = 1 joule/second 


In terms of charge and current, 


1 joule = 1 volt - coulomb 
1 watt = 1 volt - ampere 


Remember that the ampere unit includes time in the denominator, since the formula 
is | ampere = 1 coulomb/second. 


Electron Volt (eV) 


This unit of work can be used for an individual electron, rather than the large quan- 
tity of electrons in a coulomb. An electron is charge, and the volt is potential differ- 
ence. Therefore, 1 eV is the amount of work required to move an electron between 
two points that have a potential difference of one volt. 

The number of electrons in one coulomb for the joule unit equals 6.25 x 10'°. 
Also, the work of one joule is a volt-coulomb. Therefore, the number of electron 
volts equal to one joule must be 6.25 x 10'8. As a formula, 


1J=6.25 x 10% eV 


Either the electron volt or the joule unit of work is the product of charge times 
voltage, but the watt unit of power is the product of voltage times current. The divi- 
sion by time to convert work to power corresponds to the division by time that 
converts charge to current. 


kilowatt-Hour Unit of Electrical Energy 


The kilowatt-hour (kWh) is the unit most commonly used for large amounts of 
electrical work or energy. The number of kilowatt-hours is calculated simply as the 
product of the power in kilowatts and by the time in hours during which the power 
is used. As an example, if a lightbulb uses 300 W or 0.3 kW for 4 hours (h), the 
amount of energy is 0.3 x 4, which equals 1.2 kWh. 

We pay for electricity in kilowatt-hours of energy. The power-line voltage is 
constant at 120 V. However, more appliances and lightbulbs require more current 
because they all add in the main line to increase the power. 

Suppose that the total load current in the main line equals 20 A. Then the power 
in watts from the 120-V line is 


P=120Vx20A 
P=2400W or 24kW 
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Ohm’s Law 


If this power is used for 5 h, then the energy or work supplied equals 
2.4 x 5 = 12 kWh. If the cost of electricity is 12¢/kWh, then 12 kWh of electricity 
will cost 0.12 x 12 = $1.44. This charge is for a 20-A load current from the 120-V 
line during the time of 5 h. 

As a streamlined approach to calculating energy costs, follow the steps listed 
below. 


1. Calculate the total power in kilowatts (kW). 
2. Convert the number of watts (W) to kilowatts (kW) if necessary. 


b 1 kW 
(aw =#W x 


3. Calculate the total number of hours (h) the power is used. 


= 24h 
(#n = #days x ay) 
4. Multiply the number of kW by the number of hours (h) to get the number 
of kilowatt-hours (kWh). 


5. Multiply the number of kWh by the cost/kWh to get the cost of energy 
consumption. (Cost ($) = #kWh x cost ($) ) 


kWh 


Example 3-10 


Assuming that the cost of electricity is 12 ¢/kWh, how much will it cost to light 
a 100-W lightbulb for 30 days? 


ANSWER The first step in solving this problem is to express 100 W as 
0.1 kW. The next step is to find the total number of hours in 30 days. Since 
there are 24 hours in a day, the total number of hours the light is on 

is calculated as 


Total hours = 24) x 30 days = 720 h 
day 


Next, calculate the number of kWh as 


kWh=kW xh 
=0.1 kW x 720h 
= 72 kWh 


And finally, determine the cost. (Note that 12¢ = $0.12.) 


a cost 
Cost = kWh x KWh 


7 $0.12 
= 72 kWh x Fy 
= $8.64 


E 3-7 Self-Review 


Answers at the end of the chapter. 


a. An electric heater takes 15 A from the 120-V power line. Calculate 
the amount of power used. 

b. How much is the load current for a 100-W bulb connected to the 
120-V power line? 

c. How many watts is the power of 200 J/s equal to? 

d. How much will it cost to operate a 300-W lightbulb for 48 h if the 
cost of electricity is 15¢/kWh? 
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GOOD TO KNOW 


The power dissipated by a 
resistance is proportional to /?. In 
other words, if the current, /, 
carried by a resistor is doubled, the 
power dissipation in the resistance 


increases by a factor of 4. 


GOOD TO KNOW 


The power dissipated by a 
resistance is proportional to V?. 
In other words, if the voltage, V, 
across a resistor is doubled, the 
power dissipation in the resistance 


increases by a factor of 4. 


GOOD TO KNOW 


In the distribution of electric 
power, the power transmission 
lines often use a very high 
voltage such as 160 kV or more. 
With such a high voltage, the 
current carried by the 
transmission lines can be kept 
low to transmit the desired 
power from one location to 
another. The reduction in / with 
the much higher V considerably 


reduces the /?R power losses in 


the transmission line conductors. 


Figure 3-7 Calculating the 
electric power in a circuit as P=VX/, 
PSR or PEVAR 
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3-8 Power Dissipation in Resistance 


When current flows in a resistance, heat is produced because friction between the 
moving free electrons and the atoms obstructs the path of electron flow. The heat is 
evidence that power is used in producing current. This is how a fuse opens, as heat 
resulting from excessive current melts the metal link in the fuse. 

The power is generated by the source of applied voltage and consumed in the 
resistance as heat. As much power as the resistance dissipates in heat must be sup- 
plied by the voltage source; otherwise, it cannot maintain the potential difference 
required to produce the current. 

The correspondence between electric power and heat is indicated by the fact that 
1 W used during 1 s is equivalent to 0.24 calorie of heat energy. The electric energy 
converted to heat is considered dissipated or used up because the calories of heat 
cannot be returned to the circuit as electric energy. 

Since power is dissipated in the resistance of a circuit, it is convenient to express the 
power in terms of the resistance R. The formula P = V x I can be rearranged as follows: 

Substituting JR for V, 


P=VxI=IRxI 
P=PR (3-7) 


This is a common form of the power formula because of the heat produced by cur- 
rent in a resistance. 
For another form, substitute V/R for J. Then 


= =Vxų 
S E 
P= (3-8) 


In all the formulas, V is the voltage across R in ohms, producing the current / in 
amperes, for power in watts. 

Any one of the three formulas (3—4), (3-7), and (3-8) can be used to calculate the 
power dissipated in a resistance. The one to be used is a matter of convenience, 
depending on which factors are known. 

In Fig. 3-7, for example, the power dissipated with 2 A through the resistance 
and 12 V across it is 2 x 12 = 24 W. 

Or, calculating in terms of just the current and resistance, the power is the prod- 
uct of 2 squared, or 4, times 6, which equals 24 W. 

Using the voltage and resistance, the power can be calculated as 12 squared, or 
144, divided by 6, which also equals 24 W. 

No matter which formula is used, 24 W of power is dissipated as heat. This amount 
of power must be generated continuously by the battery to maintain the potential 
difference of 12 V that produces the 2-A current against the opposition of 6 Q. 


Example 3-11 


Calculate the power in a circuit where the source of 100 V produces 2 A ina 
50-Q R. 


ANSWER 
P=PR=2x2x50=4x50 
P = 200 W 


This means that the source delivers 200 W of power to the resistance and the 
resistance dissipates 200 W as heat. 
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CALCULATOR 


To use the calculator for a 
problem like Example 3-12, in 
which / must be squared for 


I? X R, use the following procedure: 
E Punch in the value of 4 for /. 


E Press the key marked © for the 
square of 4 equal to 16 on the 
display. 


E Next, press the multiplication (<) 
key. 
E Punch in the value of 25 for R. 


E Finally, press the © key for the 
answer of 400 on the display. 


Be sure to square only the / value 


before multiplying by the R value. 


GOOD TO KNOW 


Every home appliance has a 
power rating and a voltage 
rating. To calculate the current 
drawn by an appliance, simply 
divide the power rating by the 


voltage rating. 


Ohm’s Law 


Example 3-12 


Calculate the power in a circuit in which the same source of 100 V produces 4 A 
in a 25-Q R. 


ANSWER 
P = 400 W 


Note the higher power in Example 3—12 because of more Z, even though R is 
less than that in Example 3-11. 


In some applications, electric power dissipation is desirable because the compo- 
nent must produce heat to do its job. For instance, a 600-W toaster must dissipate 
this amount of power to produce the necessary amount of heat. Similarly, a 300-W 
lightbulb must dissipate this power to make the filament white-hot so that it will 
have the incandescent glow that furnishes the light. In other applications, however, 
the heat may be just an undesirable by-product of the need to provide current through 
the resistance in a circuit. In any case, though, whenever there is current / in a resis- 
tance R, it dissipates the amount of power P equal to ZPR. 

Components that use the power dissipated in their resistance, such as lightbulbs 
and toasters, are generally rated in terms of power. The power rating is given at 
normal applied voltage, which is usually the 120 V of the power line. For instance, 
a 600-W, 120-V toaster has this rating because it dissipates 600 W in the resistance 
of the heating element when connected across 120 V. 

Note this interesting point about the power relations. The lower the source voltage, 
the higher the current required for the same power. The reason is that 
P = Vx I. For instance, an electric heater rated at 240 W from a 120-V power line takes 
240 W/120 V = 2 A of current from the source. However, the same 240 W from a 
12-V source, as in a car or boat, requires 240 W/12 V = 20 A. More current must be 
supplied by a source with lower voltage, to provide a specified amount of power. 


E 3-8 Self-Review 
Answers at the end of the chapter. 


a. Current / is 2 A ina 5-Q R. Calculate P. 
. Voltage V is 10 V across a 5-Q R. Calculate P. 
c. Resistance R has 10 V with 2 A. Calculate the values for P and R. 


3-9 Power Formulas 


To calculate Z or R for components rated in terms of power at a specified voltage, it 
may be convenient to use the power formulas in different forms. There are three 
basic power formulas, but each can be in three forms for nine combinations. 


iG 
= E = 
P=VI P=fR =R 
_P P _ 2 
or I =p oO R T or R=- 
or v=} or I= 5 or V= VPR 
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CALCULATOR 


To use the calculator for a 
problem like Example 3-14 that 
involves a square and division 
for V?/R, use the following 


procedure: 
E Punch in the V value of 120. 


E Press the key marked GÒ for 
the square of 120, equal to 
14,400 on the display. 


E Next, press the division) key. 


Punch in the value of 600 for R. 


E Finally, press the@) key for the 
answer of 24 on the display. 
Be sure to square only the 
numerator before dividing. 


CALCULATOR 


For Example 3-15 with a square 
root and division, be sure to 
divide first, so that the square 
root is taken for the quotient, as 


follows: 

E Punch in the P of 600. 

E Press the division) key. 
E Punch in 24 for R. 


E Press the © key for the 
quotient of 25. 


Then press the Q key for the 
square root. This key may be a 
second function of the same key for 
squares. If so, press the key 

marked or GHIFD) before 
pressing the key. As a result, 
the square root equal to 5 appears 
on the display. You do not need 

the © key for this answer. In 
general, the © key is pressed only 


for the multiplication, division, 


addition, and subtraction operations. 
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Example 3-13 


How much current is needed for a 600-W, 120-V toaster? 


ANSWER 
=P — 000 
V 12 
I=5A 


Example 3-14 


How much is the resistance of a 600-W, 120-V toaster? 


ANSWER 
pa V? (120) _ 14,400 
P~ 600 ~ 600 
R=24Q 


Example 3-15 


How much current is needed for a 24-Q R that dissipates 600 W? 


ANSWER 
__ [P_ [COO W _ 
I=VR= V240 =v? 
fa5A 


Note that all these formulas are based on Ohm’s law V = JR and the power for- 


mula P = VI. The following example with a 300-W bulb also illustrates this idea. 
Refer to Fig. 3-8. The bulb is connected across the 120-V line. Its 300-W filament 
requires a current of 2.5 A, equal to P/V. These calculations are 


_P_300W_»54 


-V 120V 
The proof is that the V7 product is 120 x 2.5, which equals 300 W. 


Figure 3-8 All formulas are based on Ohm's law. 


P =120 V x 2.5 A = 300 W 
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Ohm’s Law 


Furthermore, the resistance of the filament, equal to V/Z, is 48 Q. These calcula- 
tions are 
_V_120V_ 
I 25A bi 
If we use the power formula R = V7, the answer is the same 48 Q. These calcu- 
lations are 


_v?_ 120 
R=- = 300 
14,400 
R= = 480 


In any case, when this bulb is connected across 120 V so that it can dissipate its 
rated power, the bulb draws 2.5 A from the power line and the resistance of the 
white-hot filament is 48 Q. 


E 3-9 Self-Review 
Answers at the end of the chapter. 


a. How much is the R of a 100-W, 120-V lightbulb? 
. How much power is dissipated by a 2-Q R with 10 V across it? 
c. Calculate P for 2 A of I through a 2-Q resistor. 


3-10 Choosing a Resistor for a Circuit 


When choosing a resistor for a circuit, first determine the required resistance value 
as R = —. Next, calculate the amount of power dissipated by the resistor using any 
one of the power formulas. Then, select a wattage rating for the resistor that will 
provide a reasonable amount of cushion between the actual power dissipation and 
the power rating of the resistor. Ideally, the power dissipation in a resistor should 
never be more than 50% of its power rating, which is a safety factor of 2. A safety 
factor of 2 allows the resistor to operate at a cooler temperature and thus last longer 
without breaking down from excessive heat. In practice, however, as long as the 
safety factor is reasonably close to 2, the resistor will not overheat. 


Example 3-16 


Determine the required resistance and appropriate wattage rating of a resistor to 
meet the following requirements: The resistor must have a 30-V JR drop when its 
current is 20 mA. The resistors available have the following wattage ratings: /, 
”, Yr, 1, and 2 W. 


ANSWER First, calculate the required resistance. 


_ 30V 
20 mA 


=15kQ 


Next, calculate the power dissipated by the resistor using the formula P = FR. 


P=IR 
= (20 mA)? x 1.5 kQ 
=0.6W or 600 mW 
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Now, select a suitable wattage rating for the resistor. In this example, a 1-W 
rating provides a safety factor that is reasonably close to 2. A resistor with a 
higher wattage rating could be used if there is space available for it to be 
mounted. In summary, a 1.5-kQ, 1-W resistor will safely dissipate 600 mW of 
power while providing an ZR voltage of 30 V when the current is 20 mA. 


Maximum Working Voltage Rating 


The maximum working voltage rating of a resistor is the maximum allowable 
voltage that the resistor can safely withstand without internal arcing. The higher the 
wattage rating of the resistor, the higher the maximum working voltage rating. For 
carbon-film resistors, the following voltage ratings are typical: 


W- 150 V 
74 W — 250 V 
7 W — 350 V 
1 W — 500 V 


It is interesting to note that with very large resistance values, the maximum 
working voltage rating may actually be exceeded before the power rating is 
exceeded. For example, a 1 MQ, ⁄4 W carbon-film resistor with a maximum work- 
ing voltage rating of 250 V, does not dissipate “4 W of power until its voltage 
equals 500 V. Since 500 V exceeds its 250 V rating, internal arcing will occur 
within the resistor. Therefore, 250 V rather than 500 V is the maximum voltage 
that can safely be applied across this resistor. With 250 V across the 1-MQ resis- 
tor, the actual power dissipation is “As W which is only one-fourth its power 
rating. 

For any resistor, the maximum voltage that produces the rated power dissipation 
is calculated as 

Van VP. 


max rating 


xR 


Exceeding V a causes the resistor’s power dissipation to exceed its power rating. 
Except for very large resistance values, the maximum working voltage rating is usu- 
ally much larger than the maximum voltage that produces the rated power 


dissipation. 


Example 3-17 


Determine the required resistance and appropriate wattage rating of a carbon- 
film resistor to meet the following requirements: The resistor must have a 
225-V IR drop when its current is 150 uA. The resistors available have the 
following wattage ratings: 4, 4, 2, 1, and 2 W. 


ANSWER First, calculate the required resistance. 
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Next, calculate the power dissipated by the resistor using the formula P = °R. 


P=PR 
= (150 A)? x 1.5 MQ 
= 33.75 mW 


Now, select a suitable wattage rating for the resistor. 

In this application, a -W (125 mW) resistor could be considered because it 
will provide a safety factor of nearly 4. However, a ⁄4-W resistor could not be 
used because its maximum working voltage rating is only 150 V and the resistor 
must be able to withstand a voltage of 225 V. Therefore, a higher wattage rating 
must be chosen just because it will have a higher maximum working voltage rat- 
ing. In this application, a /4-W resistor would be a reasonable choice because it 
has a 350-V rating. A “-W resistor provides a 250-V rating which is only 
25 V more than the actual voltage across the resistor. It’s a good idea to play it 
safe and go with the higher voltage rating offered by the ⁄⁄2-W resistor. In 
summary, a 1.5-MQ, /2-W resistor will safely dissipate 33.75 mW of power as 
well as withstand a voltage of 225 V. 


E 3-70 Self-Review 


Answers at the end of the chapter. 


a. What is the maximum voltage that a 10-kQ, ’4-W resistor can safely 
handle without exceeding its power rating? If the resistor has a 250-V 
maximum working voltage rating, is this rating being exceeded? 

b. Determine the required resistance and appropriate wattage rating of 
a carbon-film resistor for the following conditions: the ZR voltage 
must equal 100 V when the current is 100 uA. The available wattage 
ratings for the resistor are %, 1⁄4, %, 1, and 2 W. 


3-11 Electric Shock 


While you are working on electric circuits, there is often the possibility of receiving 
an electric shock by touching the “live” conductors when the power is on. The shock 
is a sudden involuntary contraction of the muscles, with a feeling of pain, caused by 
current through the body. If severe enough, the shock can be fatal. Safety first, there- 
fore, should always be the rule. 

The greatest shock hazard is from high-voltage circuits that can supply apprecia- 
ble amounts of power. The resistance of the human body is also an important factor. 
If you hold a conducting wire in each hand, the resistance of the body across the 
conductors is about 10,000 to 50,000 Q. Holding the conductors tighter lowers the 
resistance. If you hold only one conductor, your resistance is much higher. It follows 
that the higher the body resistance, the smaller the current that can flow through you. 

A safety tip, therefore, is to work with only one of your hands if the power is on. 
Place the other hand behind your back or in your pocket. Therefore, if a live circuit 
is touched with only one hand, the current will normally not flow directly through 
the heart. Also, keep yourself insulated from earth ground when working on power- 
line circuits, since one side of the power line is connected to earth ground. The final 
and best safety rule is to work on circuits with the power disconnected if at all pos- 
sible and make resistance tests. 

Note that it is current through the body, not through the circuit, which causes the 
electric shock. This is why high-voltage circuits are most important, since sufficient 
potential difference can produce a dangerous amount of current through the 
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Figure 3-9 Physiological effects of 


electric current. 
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relatively high resistance of the body. For instance, 500 V across a body resistance 
of 25,000 Q produces 0.02 A, or 20 mA, which can be fatal. As little as 1 mA 
through the body can cause an electric shock. The chart shown in Fig. 3—9 is a visual 
representation of the physiological effects of an electric current on the human body. 
As the chart shows, the threshold of sensation occurs when the current through the 
body is only slightly above 0.001 A or 1 mA. Slightly above 10 mA, the sensation 
of current through the body becomes painful and the person can no longer let go or 
free him or herself from the circuit. When the current through the body exceeds 
approximately 100 mA, the result is usually death. 

In addition to high voltage, the other important consideration in how dangerous the 
shock can be is the amount of power the source can supply. A current of 0.02 A through 
25,000 Q means that the body resistance dissipates 10 W. If the source cannot supply 
10 W, its output voltage drops with the excessive current load. Then the current is 
reduced to the amount corresponding to the amount of power the source can produce. 

In summary, then, the greatest danger is from a source having an output of more 
than about 30 V with enough power to maintain the load current through the body 
when it is connected across the applied voltage. In general, components that can 
supply high power are physically big because of the need for dissipating heat. 


E 3-77 Self-Review 


Answers at the end of the chapter. 


a. The potential difference of 120 V is more dangerous than 12 V for 
electric shock. (True / False) 

b. Resistance in a circuit should be measured with its power off. 
(True / False) 


3-12 Open-Circuit and Short-Circuit 
Troubles 


Ohm’s law is useful for calculating /, V, and R in a closed circuit with normal values. 
However, an open circuit or a short circuit causes trouble that can be summarized 
as follows: An open circuit (Fig. 3-10) has zero / because R is infinitely high. It does 
not matter how much the Vis. A short circuit has zero R, which causes excessively 
high / in the short-circuit path because of no resistance (Fig. 3-11). 

In Fig. 3-10a, the circuit is normal with Z of 2 A produced by 10 V applied across R 
of 5 Q. However, the resistor is shown open in Fig. 3—10b. Then the path for current has 
infinitely high resistance and there is no current in any part of the circuit. The trouble 
can be caused by an internal open in the resistor or a break in the wire conductors. 

In Fig. 3-11a, the same normal circuit is shown with J of 2 A. In Fig. 3-11), 
however, there is a short-circuit path across R with zero resistance. The result is 
excessively high current in the short-circuit path, including the wire conductors. It 
may be surprising, but there is no current in the resistor itself because all the current 
is in the zero-resistance path around it. 


Figure 3-10 Effect of an open circuit. (a) Normal circuit with current of 2 A for 10 V 
across 5 Q. (b) Open circuit with no current and infinitely high resistance. 
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Figure 3-11 Effect of a short circuit. (a) Normal circuit with current of 2 A for 10 V 
across 5 Q. (b) Short circuit with zero resistance and excessively high current. 
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Theoretically, the amount of current could be infinitely high with no R, but the 
voltage source can supply only a limited amount of / before it loses its ability to 
provide voltage output. The wire conductors may become hot enough to burn open, 
which would open the circuit. Also, if there is any fuse in the circuit, it will open 
because of the excessive current produced by the short circuit. 

Note that the resistor itself is not likely to develop a short circuit because of the 
nature of its construction. However, the wire conductors may touch, or some other 
component in a circuit connected across the resistor may become short-circuited. 


E 3-12 Self-Review 


Answers at the end of the chapter. 


a. An open circuit has zero current. (True /False) 

b. A short circuit has excessive current. (True /False) 

c. An open circuit and a short circuit have opposite effects on resistance 
and current. (True / False) 
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Application of Ohm’s Law and Power Formulas 


HOME APPLIANCES 


Every electrical appliance in our home has a nameplate attached 
to it. The nameplate provides important information about the 
appliance such as its make and model, its electrical specifications 
and the Underwriters Laboratories (UL) listing mark. The 
nameplate is usually located on the bottom or rear-side of the 
appliance. The electrical specifications listed are usually its 
power and voltage ratings. The voltage rating is the voltage at 
which the appliance is designed to operate. The power rating is 
the power dissipation of the appliance when the rated voltage is 
applied. With the rated voltage and power ratings listed on the 
nameplate, we can calculate the current drawn from the 
appliance when it’s being used. To calculate the current (/) simply 
divide the power rating (P) in watts by the voltage rating (V) 
in volts. As an example, suppose you want to know how much 


current your toaster draws when it’s toasting your bread. To 
find the answer you will probably need to turn your toaster 
upside down to locate its nameplate. For example, the toaster in 
Fig.3-1 2a has the nameplate shown in Fig. 3-1 2b. With a voltage 


rating of 120 V and a power rating of 850 W, the current drawn 
by the toaster is calculated as follows; 
P_ 850W _ 


== T20 y = 1.083 A 


Some appliances in our homes have a voltage rating of 240 V 
rather than 120 V. These are typically the appliances with very 
high power ratings. Some examples include: electric stoves, 
electric clothes dryers, electric water heaters, and air 
conditioning units. These appliances may have power ratings as 
high as 7.2 kW or more. The reason the higher power appliances 
have a higher voltage rating is simple. At twice the voltage you 
only need half the current to obtain the desired power. With half 
as much current, the size of the conductors connecting the 
appliance to the power line can be kept much smaller. This is 
important because a smaller diameter wire costs less and is 
physically much easier to handle. 

Table 3-1 lists the electrical specifications of some common 
household appliances. 


Figure 3-12 Identifying electrical specifications of household appliances. 
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Table 3-1 Electrical Specifications of Common Household Appliances 


Appliance Power Rating Voltage Rating 
Clothes Iron 1.2 kW 120 V 
Toaster 800 — 1500 W 120 V 
Microwave 600 — 1500 W 120 V 
Waffle Iron 1.2 kW 120 V 
Coffee Maker 800 — 1200 W 120 V 
Blow Dryer 1kW 120 V 
Flat Screen TV 100 —- 150 W 120 V 
Dishwasher 1200 — 2400 W 120 V 
Water Heater 4.5-5.5 kW 240 V 
Electric Stove 9.6 kW 240 V 
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Summary 


The three forms of Ohm’s law are 


l= V/R, V=IR, and R= V/1. 


One ampere is the amount of 
current produced by one volt of 
potential difference across one ohm 
of resistance. This current of 1 Ais 
the same as 1 C/s. 


With R constant, the amount of / 
increases in direct proportion as V 
increases. This linear relation 
between V and / is shown by the 
graph in Fig. 3-5. 

With V constant, the current / 
decreases as Rincreases. This is 


an inverse relation. The inverse 
relation between / and Ris shown 
in Fig. 3-6. 


Power is the time rate of doing work 
or using energy. The unit is the watt. 
One watt equals 1 V x 1 A. Also, 
watts = joules per second. 


The unit of work or energy is the 
joule. One joule equals 1 W x 1 s. A 
larger unit of electrical energy is the 
kilowatt-hour (kWh). 1 kWh = 1 kW 
x Th. 


The most common multiples and 
submultiples of the practical units 
are listed in Table 3-2. 


Voltage applied across your body 
can produce a dangerous electric 
shock. Whenever possible, shut off 
the power and make resistance 


tests. If the power must be on, use 
only one hand when making 
measurements. Place your other 
hand behind your back or in your 
pocket. 


Table 3—3 summarizes the practical 
units of electricity. 


An open circuit has no current and 
infinitely high R. A short circuit has 
zero resistance and excessively high 
current. 


Table 3-2 Summary of Conversion Factors 


Prefix Symbol 
mega M 
kilo k 
milli m 
micro u 


Relation to Basic Unit 


1,000,000 or 1 x 10° 


1000 or 1 x 10? 


OOM Eor I x 1O 


0.000 001 or 1 x 10°° 


Examples 


5 MQ (megohms) = 5,000,000 ohms 


= 5 O0 nme 


18 kV (kilovolts) = 18,000 volts 


Ze x10 volts 


48 mA (milliamperes) = 48 x 10-3 amperes 


= 0.048 amperes 


15 uV (microvolts) = 15 x 10~° volts 


= 0.000 015 volts 


Table 3-3 Summary of Practical Units of Electricity 


Coulomb Ampere Volt Watt 
6.25 x 10'® electrons coulomb _ joule _ Joule” 
second coulomb second 


Ohm’s Law 


Ohm Siemens 
volt ampere 
ampere volt 
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Important Terms 


Ampere — the basic unit of current. 


1V 
1A= TO- 

Electron volt (eV) — a small unit of work 
or energy that represents the amount 
of work required to move a single 
electron between two points having 
a potential difference of 1 volt. 


Horsepower (hp) — a unit of mechanical 
power corresponding to 550 ft-lb/s. 
In terms of electric power, 

1 hp = 746 W. 

Inverse relation — a relation in which 
the quotient of a fraction decreases as 
the value in the denominator increases 
with the numerator constant. In the 
equation /=,/ and R are inversely 
related because / decreases as R 
increases with V constant. 

Joule — a practical unit of work or 
energy. 1 )=1W-1s. 


Related Formulas 


_V 
l=% 
V=IXR 

_V 
R= 
P=Vvx] 

_P 

= 
=P 
v=] 


Self-Test 


Answers at the back of the book. 


1. With 24 V across a 1-kQ resistor, 
the current, /, equals 


a. 0.24 A. 
b. 2.4 mA. 
c. 24 mA. 
d. 24 uA. 
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Kilowatt-hour (kWh) — a large unit of 
electrical energy corresponding to 


TkW-1h. 


Linear proportion — a relation between 
two quantities which shows how 
equal changes in one quantity 
produce equal changes in the other. 


In the equation te, land Vare 
directly proportional because equal 


changes in V produce equal changes 
in / with R constant. 


Linear resistance — a resistance with a 
constant value of ohms. 


Maximum working voltage rating — the 
maximum allowable voltage that a 
resistor can safely withstand without 
internal arcing. 


Nonlinear resistance — a resistance 
whose value changes as a result of 
current producing power dissipation 
and heat in the resistance. 


1 hp=746W 
1J/=1Wx15s 

1) 
1J=1Vx1C 
1)=6.25x 10% eV 
PHPR 
ag E 
I=NR 


2. With 30 4A of current in a 120-kQ 
resistor, the voltage, V, equals 


a. 360 mV. 
b. 3.6 kV. 
c. 0.036 V. 
d.3.6V. 


Ohm — the basic unit of resistance. 


=v 
1Q= TA 
Open circuit — a broken or incomplete 
current path with infinitely high 
resistance. 
Power — the time rate of doing work. 
P — Work 
ower= Time 
ime 
Short circuit — a very low resistance 
path around or across a component 
such as a resistor. A short circuit with 
very low R can have excessively high 


current. 


Volt — the basic unit of potential 
difference or voltage. 

1V=1A-1Q 

Volt ampere characteristic — a graph 
showing how much current a resistor 
allows for different voltages. 


Watt — the basic unit of electric 


1 
power. 1 W = H 


p 
_ Vv? 
c= R 
V=VPR 
ane 
R=" 


3. How much is the resistance in a 
circuit if 15 V of potential difference 
produces 500 uA of current? 


a. 30 kQ. 
b.3 MQ. 
c. 300 kQ. 
d. 3 kQ. 
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. A current of 1000 uA equals 
a. 1A. 

b. 1 mA. 

c. 0.01 A. 


d. none of the above. 


. One horsepower equals 
a. 746 W. 

b. 550 ft-lb/s. 

c. approximately ?/4 kW. 


d. all of the above. 


. With R constant 

a. | and P are inversely related. 

b. Vand / are directly proportional. 
c. Vand / are inversely proportional. 


d. none of the above. 


. One watt of power equals 
a.1VXx1A. 
1) 
S 
Le 
S 


d. both a and b. 


. A 10-2 resistor dissipates 1 W of 
power when connected to a DC 
voltage source. If the value of DC 
voltage is doubled, the resistor will 
dissipate 

a. 1 W. 

b. 2 W. 

c. 4 W. 


d. 10 W. 


. Ifthe voltage across a variable 
resistance is held constant, the 
current, /, is 


a. inversely proportional to 
resistance. 


10. 


11 


12. 


13. 


14. 


A resistor must provide a voltage 
drop of 27 V when the current is 
10 mA. Which of the following 
resistors will provide the required 
resistance and appropriate wattage 
rating? 


a. 2.7 kQ, '/s W. 
b. 270 Q, '/2W. 
c. 2.7 KQ, 1⁄2 W. 
d. 2.7 kQ, 1⁄4 W. 


. The resistance of an open circuit is 


a. approximately O Q. 
b. infinitely high. 
c. very low. 


d. none of the above. 


The current in an open circuit is 


a. normally very high because the 
resistance of an open circuit 
isOQ. 


b. usually high enough to blow the 
circuit fuse. 


c. Zero. 


d. slightly below normal. 


Which of the following safety rules 
should be observed while working 
on a live electric circuit? 


a. Keep yourself well insulated from 
earth ground. 


b. When making measurements in a 
ive circuit place one hand behind 
your back or in your pocket. 


c. Make resistance measurements 
only in a live circuit. 


d. Both a and b. 


How much current does a 75-W 
lightbulb draw from the 120-V 
power line? 


a.625 mA. 
b. directly proportional to resistance. b.16A 
c. the same for all values of š 160 mA. 
resistance. d.625 mA 
d. both a and b. es 
Essay Questions 
State the three forms of Ohm’s law relating V,/, and R. 4. 


(a) Why does higher applied voltage with the same 
resistance result in more current? (b) Why does more 
resistance with the same applied voltage result in less 


current? 


Calculate the resistance of a 300-W bulb connected 5. 
across the 120-V power line, using two different 
methods to arrive at the same answer. 


Ohm’s Law 


15. 


16. 


17. 


18. 


19. 


20. 


The resistance of a short circuit is 
a. infinitely high. 

b. very high. 

c. usually above 1 kQ. 


d. approximately zero. 


Which of the following is considered 
a linear resistance? 


a. lightbulb. 

b. thermistor. 

c. 1-kQ, %-W carbon-film resistor. 
d. both a and b. 


How much will it cost to operate a 
4-kW air-conditioner for 12 hours if 
the cost of electricity is 12¢/kWh? 


a. $5.76. 
b.57.6¢. 
c. $576. 
d. $4.80. 


What is the maximum voltage a 
150-Q, '/s-W resistor can safely 
handle without exceeding its power 
rating? (Assume no power rating 
safety factor.) 


a. 18.75 V. 
b. 4.33 V. 
c. 6.1 V. 
d. 150V. 


Which of the following voltages 
provides the greatest danger in 
terms of electric shock? 


a. 12V. 

b. 10,000 mV. 
c. 120V. 

d. 9 V. 


If a short circuit is placed across the 
leads of a resistor, the current in 
the resistor itself would be 


a. zero. 
b. much higher than normal. 
c. the same as normal. 


d. excessively high. 


State which unit in each of the following pairs is larger: 


(a) volt or kilovolt; (b) ampere or milliampere; (c) ohm or 


megohm; (d) volt or microvolt; (e) siemens or 
microsiemens; (f) electron volt or joule; (g) watt or 
kilowatt; (h) kilowatt-hour or joule; (i) volt or millivolt; 


G) megohm or kilohm. 


State two safety precautions to follow when working on 
electric circuits. 
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6. Referring back to the resistor shown in Fig. 1-10 in 
Chapter 1, suppose that it is not marked. How could you 
determine its resistance by Ohm’s law? Show your 
calculations that result in the V// ratio of 10 kQ. 
However, do not exceed the power rating of 10 W. 

7. Give three formulas for electric power. 

8. What is the difference between work and power? Give 
two units for each. 

9. Prove that 1 kWh is equal to 3.6 x 10°). 

10. Give the metric prefixes for 10%, 10°, 107, and 10°. 

11. Which two units in Table 3-3 are reciprocals of each 
other? 

12. Acircuit has a constant R of 5000 Q, and Vis varied from 
O to 50 V in 10-V steps. Make a table listing the values 
of I for each value of V. Then draw a graph plotting these 
values of milliamperes vs. volts. (This graph should be 
like Fig. 3—5c.) 

Problems 


SECTION 3-1 THE CURRENT /= V/R 


In Probs. 3—1 to 3-5, solve for the current, /, when Vand R 
are known. As a visual aid, it may be helpful to insert the 


values of 


3-1 


3-2 


3-3 


and R into Fig. 3-13 when solving for l. 
Wma a. V=10V,R=5Q,/=? 

b. V=9V,R=3Q,/=? 

c. V=24V,R=3Q,/=? 
=36V,R=9Q,/=? 


Neen a. V=18V,R=3Q,/=? 


b. V=16V,R=169,/=? 
=90V,R=450Q,/=? 
=12V,R=300,/=? 

MEA a. V=15V,R=3,0009,/=? 

b. V=120V,R=6,000 Q,/=? 

c. V=27V,R=9,000 Q,/=? 
= 150 V, R= 10,000 Q,/=? 


Figure 3-13 Figure for Probs. 3-1 to 3-5. 
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13. 


14. 


15. 


3-4 


3-5 


Give the voltage and power rating for at least two types 
of electrical equipment. 


Which uses more current from the 120-V power line, a 
600-W toaster or a 300-W lightbulb? 


Give a definition for a short circuit and for an open 
circuit. 


Compare the R of zero ohms and infinite ohms. 


Derive the formula P=/?R from P= IV by using an Ohm’s 
law formula. 


Explain why a thermistor is a nonlinear resistance. 


What is meant by the maximum working voltage rating 
of a resistor? 


Why do resistors often have a safety factor of 2 in 
regard to their power rating? 


If a 100-Q resistor is connected across the terminals of 
a 12-V battery, how much is the current, /? 


If one branch of a 120-V power line is protected by a 
20-A fuse, will the fuse carry an 8-Q load? 


SECTION 3-2 THE VOLTAGE V= IR 


In Probs. 3—6 to 3—10, solve for the voltage, V, when / and R 
are known. As a visual aid, it may be helpful to insert the 
values of / and R into Fig. 3-14 when solving for V. 


3-6 


3-7 


MA a. /=2A,R=5Q,V=? 
b. 1=6A,R=8Q,V=? 
c. =9A,R=200,V=? 
d. I=4A,R=15 Q, V=? 


MA a./=5A,R=109,V=? 
b. /=10A,R=3 Q, V=? 
c. I1=4A,R=25 Q, V=? 
d. 1=1.5A,R=5Q, V=? 


Figure 3-14 Figure for Probs. 3—6 to 3-10. 
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Figure 3-15 Figure for Probs. 3-11 to 3-15. 


3-8 MMA a. /=0.05A,R=1200Q, V=? 
b. 1=0.2 A,R=470 Q, V=? 
c. 1=0.01 A,R=15,0002,V=? 
d. 1=0.006 A, R= 2200 Q,V=? 


3-9 How much voltage is developed across a 1000-2 
resistor if it has a current of 0.01 A? 


3-10 A lightbulb drawing 1.25 A of current has a resistance of 
96 Q. How much is the voltage across the lightbulb? 


SECTION 3-3 THE RESISTANCE R= V// 


In Probs. 3-11 to 3-15, solve for the resistance, R, when V 


and / are known. As a visual aid, it may be helpful to insert 
the values of Vand / into Fig. 3-15 when solving for R. 
3-11 a. V=14V,/=2A,R=? 
b. V=25V,/=5A,R=? 
c. V=6V,/=1.5A,R=? 
d. V=24V,/=4A,R=? 
3-12 a. V=36V,/=9A,R=? 
b. V=45V,/=5A,R=? 
=100V,/=2A,R=? 
=240V,/=20A,R=? 
3-13 a. V=12V,/=0.002 A,R=? 
b. V=16V,/=0.08A,R=? 
c. V=50V,/=0.02A,R=? 
d. V=45V,/=0.009 A,R=? 


3-14 How much is the resistance of a motor if it draws 2 A of 
current from the 120-V power line? 


3-15 Ifa CD player draws 1.6 A of current from a 13.6-Vp5- 
source, how much is its resistance? 


SECTION 3-5 MULTIPLE AND SUBMULTIPLE UNITS 


In Probs. 3-16 to 3—20, solve for the unknowns listed. As a 
visual aid, it may be helpful to insert the known values of /, V, 
or R into Figs. 3-13, 3-14, or 3-15 when solving for the 
unknown quantity. 


3-16 a. V=10V,R=100 kQ,/=? 
b V=15V,R=2kQ,/=? 
c. 1=200 uA, R=3.3 MQ, V=? 


d. V=54V,/=2 mA,R=? 


Ohm’s Law 


Figure 3-16 Circuit diagram for Prob. 3-21. 


+ 
V=O0to30V R 


3-17 a. V=120V,R=1.5 kQ,/=? 

b. /=50 uA, R=390 kQ,V=? 
/=2.5 mA,R=1.2 kQ, V=? 
. V=99V,1=3 mA, R=? 


anp 


V=24V,/=800 uA, R=? 
V=160 mV,/=8 uA, R=? 
c. V=13.5V,R=300 Q,/=? 
d. /=30m A, R=1.8 kQ, V=? 


o wu 


3-19 


ow much is the current, /, in a 470-kQ resistor if its 
voltage is 23.5 V? 


3-20 How much voltage will be dropped across a 40-kQ 


resistance whose current is 250 uA? 


SECTION 3-6 THE LINEAR PROPORTION 
BETWEEN VANDI 


3-21 Refer to Fig. 3—16. Draw a graph of the / and V values if 
(a) R=2.5 Q; (b) R=5 Q; (©) R=10 Q. In each case, the 
voltage source is to be varied in 5-V steps from O to 30V. 


3-22 Refer to Fig. 3-17. Draw a graph of the / and R values 
when Ris varied in 1kQ steps from 1kQ to 10kQ. (Vis 
constant at 10 V.) 


SECTION 3-7 ELECTRIC POWER 


In Probs. 3—23 to 3-31, solve for the unknowns listed. 


3-23 a. V=120V,/=12.5A,P=? 
b. V=120V,/=625 mA, P=? 
c. P=1.2kW,V=120V,/=? 
d. P=100W,/=8.33A,V=? 


3-24 a. V=24V,/=25 mA, P=? 
b. P=6W,V=12V,/=? 
c. P=10W,!/=100 mA, V=? 
d. P=50W,V=9V,/=? 


Figure 3-17 Circuit diagram for Prob. 3-22. 


R=1kQ to 10 kQ 
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3-25 a. V=15.81 V,P=500 mW,/=? 
b. P=100 mW, V=50V,/=? 
c. V=75 mV,/=2 mA, P=? 
d. P=20 mW,/=100 uA, V=? 
3-26 How much current do each of the following lightbulbs 
draw from the 120-V power line? 
a. 60-W bulb 
b. 75-W bulb 
c. 100-W bulb 
d. 300-W bulb 


3-27 How much is the output voltage of a power supply 
it supplies 75 W of power while delivering a current 
of 5 A? 


= 


3-28 How much power is consumed by a 12-V incandescent 
amp if it draws 150 mA of current when lit? 


3-29 How much will it cost to operate a 1500-W quartz 
heater for 48 h if the cost of electricity is 1O¢/kWh? 


3-30 How much does it cost to light a 300-W lightbulb for 
30 days if the cost of electricity is 12¢/kWh? 


3-31 How much will it cost to run an electric motor for 
10 days if the motor draws 15 A of current from the 
240-V power line? The cost of electricity is 7.5¢/kWh. 


SECTION 3-8 POWER DISSIPATION IN RESISTANCE 


In Probs. 3-32 to 3-38, solve for the power, P, dissipated by 
the resistance, R. 


3-32 a. /=1A,R=100Q,P=? 
b. /=20mA,R=1 kQ,P =? 
c. V=5V,R=150 Q,P=? 
V=22.36V,R=1 kQ,P=? 


a 


3-33 a. /=300 uA, R=22 kQ,P =? 


a 
b. /=50 mA, R=270 Q,P =? 


c. V=70V,R=200 kQ, P=? 
d. V=8V,R=50Q,P=? 
3-34 a. /=40 mA,R=10 kQ, P=? 


a 
b. /=3.33A,R=20Q,P=? 

c. V=100 mV,R=102,P=? 
d. V=1kV,R=10 MQ,P=? 


3-35 How much power is dissipated by a 5.6-kQ resistor 
whose current is 9.45 mA? 


3-36 How much power is dissipated by a 50-Q load if the 
voltage across the load is 100 V? 


3-37 How much power is dissipated by a 600-Q load if the 
voltage across the load is 36 V? 


3-38 How much power is dissipated by an 8-Q load if the 
current in the load is 200 mA? 


SECTION 3-9 POWER FORMULAS 
In Probs. 3-39 to 3-51, solve for the unknowns listed. 
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3-39 


3-40 


3-41 


3-42 


3-43 


3-44 


3-45 


3-46 


3-47 


3-48 


3-49 


3-50 


3-51 


. P=250 mW, R= 10 kQ,/=? 
P=100W,V=120V,R=? 
P=125 mW,/=20 mA, R=? 
d. P=1kW,R=50Q0,V=? 


o wu 


P 


fas] 


P=500 uW, V=10V,R=? 
P=150 mW,/= 25 mA,R=? 
P=300 W,R=100 Q, V=? 
. P=500 mW, R=3.3 kQ,/=? 


ion 


an 


P=50 W,R=40 Q, V=? 
P=2W,R=2 kQ, V=? 

c. P=50 mW, V=500 V,/=? 

d. P=50 mW, R=312.5 kQ,/=? 


o wu 


Calculate the maximum current that a 1-kQ, 1-W 
carbon resistor can safely handle without exceeding its 
power rating. 


Calculate the maximum current that a 22-kQ, '/g-W 
resistor can safely handle without exceeding its power 
rating. 


What is the hot resistance of a 60-W, 120-V lightbulb? 


A 50-Q. load dissipates 200 W of power. How much 
voltage is across the load? 


Calculate the maximum voltage that a 390-Q, '/2-W 
resistor can safely handle without exceeding its power 
rating. 


What is the resistance of a device that dissipates 1.2 kW 
of power when its current is 10 A? 


How much current does a 960-W coffeemaker draw 
from the 120-V power line? 


How much voltage is across a resistor if it dissipates 
2 W of power when the current is 40 mA? 


If a 4-Q speaker dissipates 15 W of power, how much 
voltage is across the speaker? 


What is the resistance of a 20-W, 12-V halogen lamp? 


SECTION 3-10 CHOOSING A RESISTOR FORA 
CIRCUIT 


In Probs. 3—52 to 3—60, determine the required resistance 
and appropriate wattage rating of a carbon-film resistor for 
the specific requirements listed. For all problems, assume 
that the following wattage ratings are available: '/s W, '/4 W, 
1/2 W, 1 W, and 2 W. (Assume the maximum working voltage 


ratings listed on page 94.) 


3-52 


3-53 


3-54 


3-55 


3-56 


Required values of Vand / are 54 V and 2 mA. 


Required values of Vand/ are 12 V and 10 mA. 


Required values of Vand / are 390 V and 1 mA. 


Required values of Vand / are 36 V and 18 mA. 


Required values of V and / are 340 V and 500 uA. 
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3-57 Required values of Vand/ are 3 V and 20 mA. 


3-58 Required values of Vand / are 33 V and 18.33 mA. 


Critical Thinking 


3-61 The percent efficiency of a motor can be calculated as 


power out 


% efficiency = - 
power in 


x 100 

where power out represents horsepower (hp). Calculate 
the current drawn by a 5-hp, 240-V motor that is 72% 
efficient. 


3-62 A %-hp, 120-V motor draws 4.67 A when it is running. 
Calculate the motor’s efficiency. 


3-63 A %-hp motor with an efficiency of 75% runs 20% of the 
time during a 30-day period. If the cost of electricity is 
7¢/kWh, how much will it cost the user? 


Ohm’s Law 


3-59 Required values of Vand / are 264 V and 120 uA. 


3-60 Required values of Vand / are 9.8 V and 1.75 mA. 


3-64 An appliance uses 14.4 x 10° J of energy for 1 day. How 


3-65 


much will this cost the user if the cost of electricity is 


12¢/kWh? 


A certain 1-kQ resistor has a power rating of %2 W for 
temperatures up to 70°C. Above 70°C, however, the 
power rating must be reduced by a factor of 6.25 
mW/°C. Calculate the maximum current that the 
resistor can allow at 120°C without exceeding its 
power dissipation rating at this temperature. 


Keith Eng 2007 
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Answers to Self-Reviews 3-1 a. 3A 3-7 a. 18kW 
b. 1.5A b. 0.83 A 
c. 2A c. 200 W 
d. 6A d. $2.16 
3-2 a. 2V 3-8 a. 20W 
b. 4V b. 20W 
c. 4V c. 20Wand5Q 
3-3 a. 4000 Q 3-9 a. 144Q 
b. 2000 Q b. 50W 
c. 12,000 Q c. 8W 
3-4 a. 35V 3-10 a. 50V;no 
b. 0.002 A b. R=1 MQ, Paing = '/s W 
c. 2000 Q 
3-11 a. true 
3-5 a. See Prob. b b. true 
b. See Prob. a 
c. 2mA 3-12 a. true 
d. 125 uA b. true 
c. true 
3-6 a. yaxis 
b. linear 
c. | doubles from 2 Ato 4A 
d. /is halved from 2Ato1 A 
Laboratory Application Assignment 
In this lab application assignment, you will examine the R= -Wiens RS . Does Rremain 


difference between a linear and nonlinear resistance. Recall 
from your reading that a linear resistance has a constant value 
of ohms. Conversely, a nonlinear resistance has an ohmic value 
that varies with different amounts of voltage and current. 


Equipment: Obtain the following items from your instructor. 


+ Variable dc power supply 

< DMM 

* 330-Q and 1kQ carbon-film resistors (4-W) 
12-V incandescent bulb 


Linear Resistance 
Measure and record the value of the 330-Q carbon-film 
resistor. R= 


Connect the circuit in Fig. 3-18. Measure and record the 
current, /, with the voltage, V, set to 3 V. | = 


Increase the voltage to 6 V and remeasure the current, /. 

l= 

Increase the voltage one more time to 12 V, and remeasure the 
current i = 


For each value of voltage and current, calculate the resistance 
value as R= V//.When V=3V,R= When V=6V, 
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the same even though V and / are changing? 


Nonlinear Resistance 

Measure and record the cold resistance of the 12-V 
incandescent bulb. R= 

In Fig. 3-18 replace the 330-Q carbon-film resistor with the 
12-V incandescent bulb. 

Measure and record the current, /, with the voltage, V, set to 3 
Vai 

Increase the voltage to 6 V, and remeasure the current, /. 

/= 

Increase the voltage one more time to 12 V, and remeasure the 
curren = 

Calculate the resistance of the bulb as R= W/I for each value of 
applied voltage. When V=3 V, R= .When V= 6V, 
R= Whine Va 12 RS 3 

Does R remain constant as the values of voltage and current 
increase? 

Does the bulb’s resistance increase or decrease as Vand / 
increase? 
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Calculating Power 
(330-Q resistor) 

Calculate the power dissipated by the 330-Q resistor with 
s3V P= W 
Calculate the power dissipated by the 330-Q resistor with 
=6V, P= W 
Calculate the power dissipated by the 330-Q resistor with 
= 12, PS Wy 


What happens to the power dissipation each time the voltage, 
, is doubled? 


(1 2-V incandescent bulb) 


Calculate the power dissipated by the 12-V incandescent bulb 
wn VS SWS w 


Calculate the power dissipated by the 12-V incandescent bulb 
with V=6V.P=___ ss W 

Calculate the power dissipated by the 12-V incandescent bulb 
with V=12V.P=___W 


What happens to the power dissipation each time the voltage, 
V, is doubled? 


How do the changes in power dissipation when Vis doubled 


compare to the results obtained with the 330-Q resistor? 


Volt-Ampere Characteristic of R 


In Fig. 3-18, replace the 12-V incandescent bulb with a 1 kQ 
resistor. Measure the current, / as the voltage, V is increased in 
1 V increments from O to 12 V. Create a table to record your 
answers. From the data recorded in your table, draw a graph of 
the Vand / values. This graph represents the volt-ampere 
characteristic of the 1 kQ R. 


Reconnect the 12-V incandescent bulb in Fig. 3-18. Measure 
the current, / as the voltage, Vis increased in 1 V increments 
from O to 12 V. Create a second table to record your answers. 
From the data recorded in your table, draw a graph of the Vand 
I values. This graph represents the volt-ampere characteristic 
of the 12-V incandescent bulb. 


How does the volt-ampere characteristic of the 1 kQ resistor 
compare to that of the 12-V incandescent bulb? 


Does the 12-V incandescent bulb have a linear or nonlinear 
resistance? 


Explain your answer. 


Figure 3-18 


(0-12 V) _ 


Design credit Multisim: ©Stockbyte/Getty Images 


Ohm’s Law 


R=3300 
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chapter 


Series Circuits 


series circuit is any circuit that provides only one path for current flow. 


An example of a series circuit is shown in Fig. 4-1. Here two resistors are 
connected end to end with their opposite ends connected across the terminals of a 
voltage source. Figure 4—1a shows the pictorial wiring diagram, and Fig. 4—1b shows 
the schematic diagram. The small dots in Fig. 4-16 represent free electrons. Notice 
that the free electrons have only one path to follow as they leave the negative 
terminal of the voltage source, flow through resistors R, and R,, and return to the 
positive terminal. Since there is only one path for electrons to follow, the current, /, 
must be the same in all parts of a series circuit. To solve for the values of voltage, 
current, or resistance in a series circuit, we can apply Ohm’s law. This chapter covers 
all of the characteristics of series circuits, including important information about 
how to troubleshoot a series circuit containing a defective component. E 


[chapter outline 


4-1 Why/ Is the Same in All Parts of a 
Series Circuit 


4-2 Total R Equals the Sum of All Series 
Resistances 


4-3 Series IR Voltage Drops 

4-4 Kirchhoff’s Voltage Law (KVL) 
4-5 Polarity of IR Voltage Drops 
4-6 Total Power in a Series Circuit 


4-7 Series-Aiding and Series-Opposing 
Voltages 


4-8 Analyzing Series Circuits with 
Random Unknowns 


4-9 Ground Connections in Electrical and 
Electronic Systems 


4-10 Troubleshooting: Opens and Shorts in 


Series Circuits 


After studying this chapter, you should be able to 
m Explain why the current is the same in all 
parts of a series circuit. 


® Calculate the total resistance of a series 
circuit. 


Æ Calculate the current in a series circuit. 

m Determine the individual resistor voltage 
drops in a series circuit. 

= Apply Kirchhoft’s voltage law to series 
circuits. 

= Determine the polarity of a resistors IR 
voltage drop. 

Œ Calculate the total power dissipated in a 
series circuit. 


Determine the net voltage of series-aiding 
and series-opposing voltage sources. 
Solve for the voltage, current, resistance, 


and power in a series circuit having random 
unknowns. 


Define the terms earth ground and chassis 
ground. 


Calculate the voltage at a given point with 
respect to ground in a series circuit. 


Describe the effect of an open in a series circuit. 


Describe the effect of a short in a series circuit. 


Troubleshoot series circuits containing opens 
and shorts. 


chassis ground Kirchhoff’s voltage 

double subscript law (KVL) 
notation series-aiding voltages 

earth ground series components 


series-opposing voltage drop 
voltages 


voltage polarity 


series string 


troubleshooting 
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4-1 Why /Is the Same in All Parts 
of a Series Circuit 


An electric current is a movement of charges between two points, produced by the 
applied voltage. When components are connected in successive order, as shown in 
Fig. 4-1, they form a series circuit. The resistors R, and R, are in series with each 
other and the battery. 

In Fig. 4—2a, the battery supplies the potential difference that forces free elec- 
trons to drift from the negative terminal at A, toward B, through the connecting 
wires and resistances R}, R,, and R,, back to the positive battery terminal at J. At the 
negative battery terminal, its negative charge repels electrons. Therefore, free elec- 
trons in the atoms of the wire at this terminal are repelled from A toward B. Simi- 
larly, free electrons at point B can then repel adjacent electrons, producing an 
electron drift toward C and away from the negative battery terminal. 

At the same time, the positive charge of the positive battery terminal attracts free 
electrons, causing electrons to drift toward I and J. As a result, the free electrons in 
R,, R,, and R, are forced to drift toward the positive terminal. 

The positive terminal of the battery attracts electrons just as much as the negative 
side of the battery repels electrons. Therefore, the motion of free electrons in the 
circuit starts at the same time and at the same speed in all parts of the circuit. 

The electrons returning to the positive battery terminal are not the same electrons 
as those leaving the negative terminal. Free electrons in the wire are forced to move 
to the positive terminal because of the potential difference of the battery. 

The free electrons moving away from one point are continuously replaced by free 
electrons flowing from an adjacent point in the series circuit. All electrons have the 
same speed as those leaving the battery. In all parts of the circuit, therefore, the 
electron drift is the same. An equal number of electrons move at one time with the 
same speed. That is why the current is the same in all parts of the series circuit. 

In Fig. 4—2b, when the current is 2 A, for example, this is the value of the current 
through R,, R,, R}, and the battery at the same instant. Not only is the amount of 
current the same throughout, but the current in all parts of a series circuit cannot 
differ in any way because there is just one current path for the entire circuit. 
Figure 4—2c shows how to assemble axial-lead resistors on a lab prototype board to 
form a series circuit. 


Figure 4-1 A series circuit. (a) Pictorial wiring diagram. (b) Schematic diagram. 


114 


Resistors 


Applied 
voltage, Vy 


Connecting 
wire 


Battery 
(voltage 
source) 


(a) 


J : 
* El fl 
patente. -J 


(6) 
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Figure 4-2 There is only one current through R,, R,, and R; in series. (a) Electron drift is the same in all parts of a series circuit. 
(b) Current / is the same at all points in a series circuit. (c) A series circuit assembled on a lab prototype board, using axial-lead resistors. 


Cindy Schroeder/McGraw-Hill Education 


The order in which components are connected in series does not affect the cur- 
rent. In Fig. 4-30, resistances R, and R, are connected in reverse order compared 
with Fig. 4—3a, but in both cases they are in series. The current through each is the 
same because there is only one path for the electron flow. Similarly, R}, R,, and R, 
are in series and have the same current for the connections shown in Fig. 4—3c, d, 
and e. Furthermore, the resistances need not be equal. 


Figure 4-3 Examples of series connections: R, and R, are in series in both (a) and (b); also, R}, R,, and R, are in series in (c), (d), and (e). 


R, R, 
Vy 
Vr Vr R R, Rs Vr R, R, 2 Rs 
R> R2 
(a) (b) (c) (d) (e) 
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The question of whether a component is first, second, or last in a series circuit 
has no meaning in terms of current. The reason is that Z is the same amount at the 
same time in all series components. 

In fact, series components can be defined as those in the same current path. The 
path is from one side of the voltage source, through the series components, and back 
to the other side of the applied voltage. However, the series path must not have any 
point at which the current can branch off to another path in parallel. 


E 4-17 Self-Review 
Answers at the end of the chapter. 


In Fig. 4-25, name five parts that have the J of 2 A. 
In Fig. 4—3e, when J in R, is 5 A, then J in R, is A. 
c. In Fig. 44d, how much is the J in R,? 


SP 


4-2 Total R Equals the Sum 
of All Series Resistances 


When a series circuit is connected across a voltage source, as shown in Fig. 4-3, the 
free electrons forming the current must drift through all the series resistances. This 
path is the only way the electrons can return to the battery. With two or more resis- 
tances in the same current path, therefore, the total resistance across the voltage 
source is the opposition of all the resistances. 

Specifically, the total resistance R, of a series string is equal to the sum of the 
individual resistances. This rule is illustrated in Fig. 4—4. In Fig. 440, 2 Q is added 
in series with the 3 Q of Fig. 44a, producing the total resistance of 5 Q. The total 
opposition of R, and R, limiting the amount of current is the same as though a 5-Q 
resistance were used, as shown in the equivalent circuit in Fig. 4—4c. 


Series String 


A combination of series resistances is often called a string. The string resistance 
equals the sum of the individual resistances. For instance, R, and R, in Fig. 44b 
form a series string having an R, of 5 Q. A string can have two or more resistors. 

By Ohm’s law, the amount of current between two points in a circuit equals the 
potential difference divided by the resistance between these points. Because the entire 
string is connected across the voltage source, the current equals the voltage applied 
across the entire string divided by the total series resistance of the string. Between 
points A and B in Fig. 44, for example, 10 V is applied across 5 Q in Fig. 44b and 
c to produce 2 A. This current flows through R, and R, in one series path. 


Figure 4-4 Series resistances are added for the total R}. (a) R, alone is 3 Q. (b) R, and R, in series total 5 Q. (c) The R of 5 Q is 
the same as one resistance of 5 Q between points A and B. 


116 


Chapter 4 


GOOD TO KNOW 


When equal resistances are 
connected in series, the total 
resistance, R = NR, where R 
represents the value of a single 
resistance and N represents the 
number of identical resistors 


connected in series. 


Series Circuits 


Series Resistance Formula 


In summary, the total resistance of a series string equals the sum of the individual 
resistances. The formula is 


R,=R, +R, +R; +--+ + ete. (4-1) 


where R, is the total resistance and R,, R,, and R, are individual series resistances. 

This formula applies to any number of resistances, whether equal or not, as long 
as they are in the same series string. Note that R, is the resistance to use in calculat- 
ing the current in a series string. Then Ohm’s law is 


I= (4-2) 


where R, is the sum of all the resistances, Vy is the voltage applied across the total 
resistance, and 7 is the current in all parts of the string. 

Note that adding series resistance reduces the current. In Fig. 44a, the 3-Q R, 
allows 10 V to produce 31⁄4 A. However, I is reduced to 2 A when the 2-Q R, is added 
for a total series resistance of 5 Q opposing the 10-V source. 


Example 4-1 


Two resistances R, and R, of 5 Q each and R, of 10 Q are in series. How much 
is R,? 


ANSWER 
R =R +R, +R, =5+5+410 
R,=20Q 
Example 4-2 


With 80 V applied across the series string of Example 4-1, how much is the 
current in R,? 


ANSWER 
r=% 80V 
R; 20 
1=4A 


This 4-A current is the same in R}, R,, R,, or any part of the series circuit. 


E 4-2 Self-Review 


Answers at the end of the chapter. 


a. An applied voltage of 10 V is across a 5-kQ resistor, R,. How much is 
the current? 

b. A 2-kQ R, and 3-kQ R, are added in series with R, in part a. 
Calculate R,. 

c. Calculate 7 in R,, R,, and R}. 
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GOOD TO KNOW 


When current flows through a 
resistance, electrical energy is 
converted into heat energy. The 
heat is caused by the collisions of 
the free electrons within the 
material carrying the current. 
When one electron collides with 
another, heat is given off. 
Therefore, the colliding electron 
gives up some of its acquired 
energy as it moves through the 
material. Since V = w, it makes 
sense that the voltage (with 
respect to some point in the 
circuit) must be different on 
opposite ends of the resistor 
since the electrons entering and 
leaving the resistor have 
different energy levels. (Note 
that the same number of 
electrons enter and exit the 
resistor so Q is constant in the 


formula V = A 
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4-3 Series /R Voltage Drops 


With current / through a resistance, by Ohm’s law, the voltage across R is equal to 
I X R. This rule is illustrated in Fig. 4-5 for a string of two resistors. In this circuit, 
Tis 1 A because the applied V, of 10 V is across the total R, of 10 Q, equal to the 
4-Q R, plus the 6-Q R,. Then Zis 10 V10 Q9 = 1 A. 

For each JR voltage in Fig. 4-5, multiply each R by the 1 A of current in the series 
circuit. Then 


V,=IR,=1AxX4Q=4V 
V, =IR,=1Ax6Q=6V 


The V, of 4 V is across the 4 Q of R,. Also, the V, of 6 V is across the 6 Q of R,. The 
two voltages V, and V, are in series. 

The JR voltage across each resistance is called an ZR drop, or a voltage drop, 
because it reduces the potential difference available for the remaining resistances in 
the series circuit. Note that the symbols V, and V, are used for the voltage drops 
across each resistor to distinguish them from the source V, applied across both 
resistors. 

In Fig. 4-5, the V, of 10 V is applied across the total series resistance of R, and 
R,. However, because of the ZR voltage drop of 4 V across R,, the potential differ- 
ence across R, is only 6 V. The positive potential drops from 10 V at point A, with 
respect to the common reference point at C, down to 6 V at point B with reference 
to point C. The potential difference of 6 V between B and the reference at C is the 
voltage across R,. 

Similarly, there is an ZR voltage drop of 6 V across R,. The positive potential 
drops from 6 V at point B with respect to point C, down to 0 V at point C with 
respect to itself. The potential difference between any two points on the return line 
to the battery must be zero because the wire has practically zero resistance and 
therefore no ZR drop. 

Note that voltage must be applied by a source of potential difference such as the 
battery to produce current and have an JR voltage drop across the resistance. With 
no current through a resistor, the resistor has only resistance. There is no potential 
difference across the two ends of the resistor. 

The JR drop of 4 V across R; in Fig. 4-5 represents that part of the applied volt- 
age used to produce the current of 1 A through the 4-Q resistance. Also, the ZR drop 
across R, is 6 V because this much voltage allows | A in the 6-Q resistance. The ZR 
drop is more in R, because more potential difference is necessary to produce 
the same amount of current in the higher resistance. For series circuits, in general, 
the highest R has the largest ZR voltage drop across it. 


Figure 4-5 An example of /R voltage drops V, and V, in a series circuit. 
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Figure 4-6 Circuit for Example 4-3. 


R,=102 


R,=20Q 


Series Circuits 


Example 4-3 


In Fig. 4—6, solve for R,, Z, and the individual resistor voltage drops. 


ANSWER 
First, find R, by adding the individual resistance values. 
R,=R, +R, +R, 
=100+200+4+302 
= 60 Q 


Next, solve for the current, J. 


_12V 
60.Q 


= 200 mA 
Now we can solve for the individual resistor voltage drops. 
V,=I1xR, 
= 200 mA x 10 Q 
=2V 
V,=IXxR, 
= 200 mA x 20 Q 
=4V 
V,=I1XR, 
= 200 mA x 30 Q 
=6V 
Notice that the individual voltage drops are proportional to the series resistance 
values. For example, because R, is three times larger than R,, V} will be three times 


larger than V,. With the same current through all the resistors, the largest resistance 
must have the largest voltage drop. 


E 4-3 Self-Review 

Answers at the end of the chapter. 
Refer to Fig. 4-5. 

How much is the sum of V, and V,? 
Calculate I as V,/R,. 

How much is J through R,? 

How much is J through R,? 


Bos f 


4-4 Kirchhoff’s Voltage Law (KVL) 


Kirchhoff’s voltage law states that the sum of all resistor voltage drops in a series 
circuit equals the applied voltage. Expressed as an equation, Kirchhoff’s voltage law is 


V,=V,+V,+V, +--+ + ete. (4-3) 
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where V, is the applied voltage and V,, V,, V}... are the individual ZR voltage 
drops. 


Example 4-4 


A voltage source produces an JR drop of 40 V across a 20-Q R,, 60 V across a 
30-Q R,, and 180 V across a 90-Q R,, all in series. According to Kirchhoff’ s 
voltage law, how much is the applied voltage V+? 


ANSWER 
V,=40V + 60 V + 180 V 
V, = 280 V 


Note that the ZR drop across each R results from the same current of 2 A, pro- 
duced by 280 V across the total R, of 140 Q. 


Example 4-5 


An applied V., of 120 V produces ZR drops across two series resistors R, and R}. 
If the voltage drop across R, is 40 V, how much is the voltage drop across R,? 


ANSWER Since V, and V, must total 120 V and V, is 40 V, the voltage 
drop across R, must be the difference between 120 V and 40 V, or 


V,=V,-V,=120V-40V 
V,=80V 


It is logical that V, is the sum of the series ZR drops. The current J is the same in 
all series components. For this reason, the total of all series voltages V, is needed to 
produce the same / in the total of all series resistances R, as the Z that each resistor 
voltage produces in its R. 

A practical application of voltages in a series circuit is illustrated in Fig. 4~7. In 
this circuit, two 120-V lightbulbs are operated from a 240-V line. If one bulb were 


Figure 4-7 Series string of two 120-V lightbulbs operating from a 240-V line. (a) Wiring diagram. (b) Schematic diagram. 


Applied 
voltage 
V,=240 V 


120 Chapter 4 


connected to 240 V, the filament would burn out. With the two bulbs in series, how- 
ever, each has 120 V for proper operation. The two 120-V drops across the bulbs in 
series add to equal the applied voltage of 240 V. 


Note: A more detailed explanation of Kirchhoff’s voltage law is provided in 
Chapter 9 (Sec. 9-2). 


E 4-4 Self-Review 
Answers at the end of the chapter. 


a. A series circuit has ZR drops of 10, 20, and 30 V. How much is the 
applied voltage V, of the source? 

b. A 100-V source is applied across R, and R, in series. If V, is 25 V, 
how much is V,? 

c. A 120-V source is applied across three equal resistances in series. 
How much is the voltage drop across each individual resistor? 


4-5 Polarity of /RVoltage Drops 


When a voltage drop exists across a resistance, one end must be either more positive 
or more negative than the other end. Otherwise, without a potential difference no 
current could flow through the resistance to produce the voltage drop. The polarity 
of this ZR voltage drop can be associated with the direction of J through R. In brief, 
electrons flow into the negative side of the ZR voltage and out the positive side (see 
Fig. 4-82). 

If we want to consider conventional current, with positive charges moving in the 
opposite direction from electron flow, the rule is reversed for the positive charges. 
See Fig. 4-8b. Here the positive charges for Z are moving into the positive side of the 
IR voltage. 

However, for either electron flow or conventional current, the actual polarity of 
the JR drop is the same. In both a and b of Fig. 4-8, the top end of R in the diagrams 
is positive since this is the positive terminal of the source producing the current. 
After all, the resistor does not know which direction of current we are thinking of. 

A series circuit with two JR voltage drops is shown in Fig. 4-9. We can analyze 
these polarities in terms of electron flow. The electrons move from the negative ter- 
minal of the source V; through R, from point C to D. Electrons move into C and out 
from D. Therefore, C is the negative side of the voltage drop across R,. Similarly, for 
the JR voltage drop across R,, point E is the negative side, compared with point F. 

A more fundamental way to consider the polarity of ZR voltage drops in a circuit 
is the fact that between any two points the one nearer to the positive terminal of the 
voltage source is more positive; also, the point nearer to the negative terminal of 
the applied voltage is more negative. A point nearer the terminal means that there is 
less resistance in its path. 


Figure 4-8 The polarity of IR voltage drops. (a) Electrons flow into the negative side of V, Figure 4-9 Example of two IR voltage 


across R}. (b) The same polarity of V, with positive charges into the positive side. 
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drops in series. Electron flow shown for 
direction of I. 


Conventiona 
current 


1 Electron 

' flow, 7 

` k 
(b) Sa 
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GOOD TO KNOW 


In a series circuit, the resistor 
with the largest resistance value 
dissipates the most power 


because P = I?R, where | is the 


same in all the series resistances. 
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In Fig. 49, point C is nearer to the negative battery terminal than point D. The 
reason is that C has no resistance to B, whereas the path from D to B includes the 
resistance of R,. Similarly, point F is nearer to the positive battery terminal than 
point E, which makes F more positive than E. 

Notice that points D and E in Fig. 4—9 are marked with both plus and minus 
polarities. The plus polarity at D indicates that it is more positive than C. This polar- 
ity, however, is shown just for the voltage across R,. Point D cannot be more positive 
than points F and A. The positive terminal of the applied voltage must be the most 
positive point because the battery is generating the positive potential for the entire 
circuit. 

Similarly, points B and C must have the most negative potential in the entire 
string, since point B is the negative terminal of the applied voltage. In fact, the plus 
polarity marked at D means only that this end of R, is less negative than C by the 
amount of voltage drop across R,. 

Consider the potential difference between E and D in Fig. 4-9, which is only a 
piece of wire. This voltage is zero because there is no resistance between these two 
points. Without any resistance here, the current cannot produce the ZR drop neces- 
sary for a difference in potential. Points E and D are, therefore, the same electrically 
since they have the same potential. 

When we go around the external circuit from the negative terminal of V}, with 
electron flow, the voltage drops are drops in negative potential. For the opposite 
direction, starting from the positive terminal of V}, the voltage drops are drops in 
positive potential. Either way, the voltage drop of each series R is its proportional 
part of the V, needed for the one value of current in all resistances. 


E 4-5 Self-Review 
Answers at the end of the chapter. 
Refer to Fig. 4-9. 
a. Which point in the circuit is the most negative? 
b. Which point in the circuit is the most positive? 
c. Which is more negative, point D or F? 


4-6 Total Power in a Series Circuit 


The power needed to produce current in each series resistor is used up in the form 
of heat. Therefore, the total power used is the sum of the individual values of power 
dissipated in each part of the circuit. As a formula, 


Py =P,+P,+P,+::+++ ete. (4-4) 


As an example, in Fig. 4—10, R, dissipates 40 W for P,, equal to 20 V x 2 A for 
the VI product. Or, the P, calculated as /°R is (2 x 2) x 10 = 40 W. Also, P, is V”/R, 
or (20 x 20)/10 = 40 W. 


Figure 4-10 The sum of the individual powers P, and P, used in each resistance equals 
the total power P, produced by the source. 


P, = 40W 
used 


P, = 80W 
used 
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Similarly, P, for R, is 80 W. This value is 40 x 2 for VI, (2 x 2) x 20 for PR, or 
(40 x 40)/20 for V*/R. P, must be more than P, because R, is more than R, with the 
same current. 

The total power dissipated by R, and R,, then, is 40 + 80 = 120 W. This power is 
generated by the source of applied voltage. 

The total power can also be calculated as V, x I. The reason is that V, is the sum 
of all series voltages and J is the same in all series components. In this case, then, 
P,=V,xI=60 x2 = 120 W. 

The total power here is 120 W, calculated either from the total voltage or from the 
sum of P, and P,. This is the amount of power produced by the battery. The voltage 
source produces this power, equal to the amount used by the resistors. 


E 4-6 Self-Review 


Answers at the end of the chapter. 


a. Each of three equal resistances dissipates 2 W. How much P, is 
supplied by the source? 

b. A 1-KQ R, and 40-kQ R, are in series with a 50-V source. Which 
R dissipates more power? 


4-7 Series-Aiding and 
Series-Opposing Voltages 


Series-aiding voltages are connected with polarities that allow current in the same 
direction. In Fig. 4-11a, the 6 V of V, alone could produce a 3-A electron flow from 
the negative terminal, with the 2-Q R. Also, the 8 V of V, could produce 4 A in the 
same direction. The total / then is 7 A. 

Instead of adding the currents, however, the voltages V, and V, can be added, for 
aV,of 6+ 8 = 14 V. This 14 V produces 7 A in all parts of the series circuit with a 
resistance of 2 Q. Then Zis 14/2 =7 A. 

Voltages are connected series-aiding when the plus terminal of one is connected 
to the negative terminal of the next. They can be added for a total equivalent voltage. 
This idea applies in the same way to voltage sources, such as batteries, and to volt- 
age drops across resistances. Any number of voltages can be added, as long as they 
are connected with series-aiding polarities. 

Series-opposing voltages are subtracted, as shown in Fig. 4—-11b. Notice here 
that the positive terminals of V, and V, are connected. Subtract the smaller from the 
larger value, and give the net V the polarity of the larger voltage. In this example, 
V, is 8 — 6 = 2 V. The polarity of V} is the same as V, because its voltage is higher 
than V.. 


Figure 4-11 Example of voltage sources V, and V, in series. (a) Note the connections for 
series-aiding polarities. Here 8 V + 6 V = 14 V for the total V}. (b) Connections for series- 
opposing polarities. Now 8 V — 6 V = 2 V for V}. 
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Figure 4-12 Analyzing a series circuit 
to find /, V}, V>, P}, and P». See text for 
solution. 


GOOD TO KNOW 


Solving a series circuit with 
random unknowns is similar to 
solving a crossword puzzle. 
Random clues are given for 
solving some of the values in the 
circuit, and then all of the clues 
are pieced together for the entire 


solution to the problem. 


Figure 4-13 Find the resistance of Rs. 


See text for the analysis of this series 
circuit. 


= 


30 kQ 
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If two series-opposing voltages are equal, the net voltage will be zero. In effect, 
one voltage balances out the other. The current Z also is zero, without any net poten- 
tial difference. 


E 4-7 Self-Review 
Answers at the end of the chapter. 


a. Voltage V, of 40 V is series-aiding with V, of 60 V. How much is V,,? 
b. The same V, and V, are connected series-opposing. How much is V}? 


4-8 Analyzing Series Circuits 


with Random Unknowns 


Refer to Fig. 4-12. Suppose that the source V, of 50 V is known, with a 14-Q R, and 
6-Q R,. The problem is to find R, J, the individual voltage drops V, and V, across 
each resistor, and the power dissipated. 

We must know the total resistance R, to calculate J because the total applied volt- 
age V, is given. This Vņ is applied across the total resistance R,. In this example, Ry 
is 14+6=20Q. 

Now J can be calculated as V,/R,, or 50/20, which equals 2.5 A. This 2.5-A I 
flows through R, and R,. 

The individual voltage drops are 


V, =IR, =2.5x 14=35V 
V, = IR, =2.5X6=15V 


Note that V, and V, total 50 V, equal to the applied V}. 
The calculations to find the power dissipated in each resistor are as follows: 


P,=V,xXI=35 x 2.5 = 87.5 W 
P, = V, XI = 15 x 2.5 = 37.5 W 


These two values of dissipated power total 125 W. The power generated by the 
source equals V} x J or 50 x 2.5, which is also 125 W. 


General Methodes for Series Circuits 


For other types of problems with series circuits, it is useful to remember the 
following: 


1. When you know the / for one component, use this value for 7 in all 
components, for the current is the same in all parts of a series circuit. 

2. To calculate /, the total V, can be divided by the total R,, or an individual 
IR drop can be divided by its R. For instance, the current in Fig. 4-12 
could be calculated as V,/R, or 15/6, which equals the same 2.5 A for J. 
However, do not mix a total value for the entire circuit with an individual 
value for only part of the circuit. 

3. When you know the individual voltage drops around the circuit, these can 
be added to equal the applied V+. This also means that a known voltage 
drop can be subtracted from the total V; to find the remaining voltage 
drop. 


These principles are illustrated by the problem in Fig. 4—13. In this circuit, R, and 
R, are known but not R,. However, the current through R, is given as 3 mA. 
With just this information, all values in this circuit can be calculated. The / of 
3 mA is the same in all three series resistances. Therefore, 
V,=3mA x 10kQ=30V 
V, = 3 mA x 30 kQ = 90 V 
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Figure 4-14 Example of a series 
voltage-dropping resistor R; used to drop 
V, of 12.6 V to 9 V for R,. See text for 
calculations. 


v. 
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The sum of V, and V, is 30 + 90 = 120 V. This 120 V plus V, must total 180 V. 
Therefore, V, is 180 — 120 = 60 V. 

With 60 V for V}, equal to JR,, then R, must be 60/0.003, equal to 20,000 Q or 
20 KQ. The total circuit resistance is 60 kQ, which results in the current of 3 mA 
with 180 V applied, as specified in the circuit. 

Another way of doing this problem is to find R, first. The equation J = V,/R, can 
be inverted to calculate R}. 


With a 3-mA J and 180 V for V,, the value of R, must be 180 V/3 mA = 60 KQ. 
Then R, is 60 KQ — 40 KQ = 20 KQ. 

The power dissipated in each resistance is 90 mW in R,, 270 mW in R,, and 
180 mW in R,. The total power is 90 + 270 + 180 = 540 mW. 


Series Voltage-Dropping Resistors 


A common application of series circuits is to use a resistance to drop the voltage from 
the source V; to a lower value, as in Fig. 4-14. The load R, here represents a radio that 
operates normally with a 9-V battery. When the radio is on, the DC load current with 
9 V applied is 18 mA. Therefore, the requirements are 9 V at 18 mA as the load. 

To operate this radio from 12.6 V, the voltage-dropping resistor R, is inserted in 
series to provide a voltage drop V, that will make V, equal to 9 V. The required 
voltage drop for V, is the difference between V, and the higher Vp. As a formula, 


V; = V, — V, =12.6-9=3.6V 


Furthermore, this voltage drop of 3.6 V must be provided with a current of 
18 mA, for the current is the same through R, and R,. To calculate Rg, 


_ 3.6V _ _ 
Rs = Tg ma 7 02 k= 200 Q 


Circuit with Voltage Sources in Series 


See Fig. 4-15. Note that V, and V, are series-opposing, with + to + through R,. 
Their net effect, then, is O V. Therefore, V, consists only of V}, equal to 4.5 V. The 
total R is 2 + 1 +2 = 5 KQ for R,. Finally, Z is V,/R, or 4.5 V/5 KQ, which is equal 
to 0.9 mA, or 900 pA. 


E 4-8 Self-Review 
Answers at the end of the chapter. 
Refer to Fig. 4-13. 
a. Calculate V, across R,. 


Calculate V, across R,. 
c. How much is V,? 


Figure 4-15 Finding the / for this series circuit with three voltage sources. See text for 
solution. 


V,=1.5V R,=2kQ V,=15V R ,=1KQ 


= k es ee 


V;=4.5V Rz = 2 kQ 
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Figure 4-16 Ground symbols. 
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Figure 4-17 Series circuit 
using earth ground symbol to represent 
common return path for current. 
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4-9 Ground Connections in Electrical 
and Electronic Systems 


In most electrical and electronic systems, one side of the voltage source is con- 
nected to ground. For example, one side of the voltage source of the 120-V,.. power 
line in residential wiring is connected directly to earth ground. The reason for 
doing this is to reduce the possibility of electric shock. The connection to earth 
ground is usually made by driving copper rods into the ground and connecting the 
ground wire of the electrical system to these rods. The schematic symbol used for 
earth ground is shown in Fig. 4—16. In electronic circuits, however, not all ground 
connections are necessarily earth ground connections. The pitchfork-like symbol 
shown in Fig. 4-16 is considered by many people to be the most appropriate symbol 
for a metal chassis or copper foil ground on printed-circuit boards. This chassis 
ground symbol represents a common return path for current and may or may not be 
connected to an actual earth ground. Another ground symbol, common ground, is 
shown in Fig. 4—16. This is just another symbol used to represent a common return 
path for current in a circuit. In all cases, ground is assumed to be at a potential of 0 
V, regardless of which symbol is shown. Some schematic diagrams may use two or 
all three of the ground symbols shown in Fig. 4—16. In this type of circuit, each 
ground represents a common return path for only those circuits using the same 
ground symbol. When more than one type of ground symbol is shown on a sche- 
matic diagram, it is important to realize that each one is electrically isolated from 
the other. The term electrically isolated means that the resistance between each 
ground or common point is infinite ohms. 

Although standards defining the use of each ground symbol in Fig. 4-16 have 
been set, the use of these symbols in the electronics industry seems to be inconsis- 
tent with their definitions. In other words, a schematic may show the earth ground 
symbol, even though it is a chassis ground connection. Regardless of the symbol 
used, the main thing to remember is that the symbol represents a common return 
path for current in a given circuit. In this text, the earth ground symbol shown in Fig. 
4-16 has been arbitrarily chosen as the symbol representing a common return path 
for current. 

Figure 4-17 shows a series circuit employing the earth ground symbol. Since 
each ground symbol represents the same electrical potential of O V, the negative 
terminal of V, and the bottom end of R, are actually connected to the same point 
electrically. Electrons leaving the bottom of V, flow through the common return 
path represented by the ground symbol and return to the bottom of R,, as shown in 
the figure. One of the main reasons for using ground connections in electronic cir- 
cuits is to simplify the wiring. 


Voltages Measured with Respect to Ground 


When a circuit has a ground as a common return, we generally measure the voltages 
with respect to this ground. The circuit in Fig. 4-18a is called a voltage divider. Let 
us consider this circuit without any ground, and then analyze the effect of grounding 
different points on the divider. It is important to realize that this circuit operates the 
same way with or without the ground. The only factor that changes is the reference 
point for measuring the voltages. 

In Fig. 4-18a, the three 10-Q resistances R,, R,, and R, divide the 30-V source 
equally. Then each voltage drop is 30/3 = 10 V for V,, V,, and V}. The polarity of 
each resistor voltage drop is positive at the top and negative at the bottom, the same 
as V,. As you recall, the polarity of a resistor’s voltage drop is determined by the 
direction of current flow. 
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Figure 4-18 An example of calculating DC voltages measured with respect to ground. (a) Series circuit with no ground connection. 
(b) Negative side of V, grounded to make all voltages positive with respect to ground. (c) Positive and negative voltages with respect to 
ground at point B. (d) Positive side of V, grounded; all voltages are negative to ground. 


Voa = +30 V 


Ven = +20V 


V;= 30V 


Vaa = +10 V 


(a) (b) 


Vou =+20 V 


Væ = +10 V 
V= w= 
B 
Vas = -10 V 
(c) (d) 


If we want to consider the current, / is 30/30 = 1 A. Each JR drop is 1 x 10 = 10 V 
for V,, V,, and V}. 
GOOD TO KNOW PEIR 


It is commonplace for schematics Positive Voltages to Negative Ground 


to show only the value and 


In Fig. 4-18), the negative side of V, is grounded and the bottom end of R, is also 


polarity of a voltage =otie aw. grounded to complete the circuit. The ground is at point A. Note that the individual 


respect to ground. In other words, voltages V,, V,, and V; are still 10 V each. Also, the current is still 1 A. The direction 
the battery or DC voltage source of current is also the same, from the negative side of V,, through the common 
symbol is usually not shown to ground, to the bottom end of R,. The only effect of the ground here is to provide a 


conducting path from one side of the source to one side of the load. 

With the ground in Fig. 4-18), though, it is useful to consider the voltages with 
respect to ground. In other words, the ground at point A will now be the reference 
for all voltages. When a voltage is indicated for only one point in a circuit, generally 
the other point is assumed to be ground. We must have two points for a potential 
difference. 

Let us consider the voltages at points B, C, and D. The voltage at B to ground is 
Vga: This double subscript notation indicates that we measure at B with respect 


represent the applied voltage. 
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GOOD TO KNOW 


The ground connections in 

Fig. 4-18b, 4-18c, and 4-18d 
will not change the resistance, 
current, or voltage values from 
those shown in the original 
circuit of Fig. 4-18a. The only 
thing that changes is the 
reference point for making 


voltage measurements. 


GOOD TO KNOW 


Everyone who works with 
electronic hardware must be able 
to troubleshoot electronic 
equipment. The service 
technician, the production tester, 
the custom engineer, and the 
engineering designer all do some 
troubleshooting as part of their 


jobs. 
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to A. In general, the first letter indicates the point of measurement and the second 
letter is the reference point. 

Then V,, is +10 V. The positive sign is used here to emphasize the polarity. The 
value of 10 V for V,, is the same as V, across R, because points B and A are across 
R,. However, V, as the voltage across R, cannot be given any polarity without a 
reference point. 

When we consider the voltage at C, then, Vo, is +20 V. This voltage equals V, + 
V,. Also, for point D at the top, Vpa is +30 V for V, + V, + V3. 


Positive and Negative Voltages to a Grounded Tap 


In Fig. 4—18c, point B in the divider is grounded. The purpose is to have the divider 
supply negative and positive voltages with respect to ground. The negative voltage 
here is V,,, which equals —10 V. This value is the same 10 V as V,, but V4, is the 
voltage at the negative end A with respect to the positive end B. The other voltages 
in the divider are Vog = +10 V and V,, = +20 V. 

We can consider the ground at B as a dividing point for positive and negative 
voltages. For all points toward the positive side of V;, any voltage is positive to 
ground. Going the other way, at all points toward the negative side of V,,, any voltage 
is negative to ground. 


Negative Voltages to Positive Ground 


In Fig. 4-18d, point D at the top of the divider is grounded, which is the same as 
grounding the positive side of the source V}. The voltage source here is inverted, 
compared with Fig. 4—18b, as the opposite side is grounded. In Fig. 4-184, all volt- 
ages on the divider are negative to ground. Here, Vep = —10 V, V;, = —20 V, and 
Vp = —30 V. Any point in the circuit must be more negative than the positive ter- 
minal of the source, even when this terminal is grounded. 


E 4-9 Self-Review 


Answers at the end of the chapter. 


Refer to Fig. 4—-18c and give the voltage and polarity for 
A to ground. 

B to ground. 

D to ground. 

Vba across V}. 


Boe tp. 


4-10 Troubleshooting: Opens and 
Shorts in Series Circuits 


In many cases, electronic technicians are required to repair a piece of equipment that 
is no longer operating properly. The technician is expected to troubleshoot the 
equipment and restore it to its original operating condition. To troubleshoot means 
“to diagnose or analyze.” For example, a technician may diagnose a failed electronic 
circuit by using a digital multimeter (DMM) to make voltage, current, and resis- 
tance measurements. Once the defective component has been located, it is removed 
and replaced with a good one. But here is one very important point that needs to be 
made about troubleshooting: To troubleshoot a defective circuit, you must under- 
stand how the circuit is supposed to work in the first place. Without this knowledge, 
your troubleshooting efforts could be nothing more than guesswork. What we will 
do next is analyze the effects of both opens and shorts in series circuits. 
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Figure 4-19 Effect of an open ina series circuit. (a) Normal circuit with 1-A series current. (b) Open path between points P, and P, results 
in zero current in all parts of the circuit. 
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R =25Q 


wo P, < 
1 Zero Open 40 Vv 
W current Infinite ohms 
+ P2 <— 
V =40V = 
E R =10Q 


The Effect of an Open in a Series Circuit 


An open circuit is a break in the current path. The resistance of an open circuit is 
extremely high because the air between the open points is a very good insulator. Air 
can have billions of ohms of resistance. For a series circuit, a break in the current 
path means zero current in all components. 

Figure 4-19a shows a series circuit that is operating normally. With 40 V of 
applied voltage and 40 Q of total resistance, the series current is 40 V/40 Q = 1 A. 
This produces the following JR voltage drops across R,, R, and R; V, = 1 A x 
25Q=25V,V,=1AX10Q=10V,andV,=1AxX5Q=S5V. 

Now consider the effect of an open circuit between points P, and P, in Fig. 4-19. 
Because there is practically infinite resistance between the open points, the current 
in the entire series circuit is zero. With zero current throughout the series circuit, 
each resistor’s JR voltage will be 0 V even though the applied voltage is still 40 V. 
To calculate V,, V,, and V, in Fig. 4-19), simply use 0 A for J. Then, V, = 0 A x 
25Q=0V,V,=0Ax 10Q=0V, and V, =0 A x 5 Q = 0 V. But how much volt- 
age is across points P, and P,? The answer is 40 V. This might surprise you, but 
here’s the proof: Let’s assume that the resistance between P, and P, is 40 x 10° Q, 
which is 40 GQ (40 gigohms). Since the total resistance of a series circuit equals the 
sum of the series resistances, R, is the sum of 25 Q, 15 Q, 10 Q, and 40 GQ. Since 
the 40 GQ of resistance between P, and P, is so much larger than the other resis- 
tances, it is essentially the total resistance of the series circuit. Then the series cur- 
rent J is calculated as 40 V/40 GQ = 1 x 10° A= 1 nA. For all practical purposes, 
the current / is zero. This is the value of current in the entire series circuit. This 
small current produces about 0 V across R,, R,, and R,, but across the open points P, 
and P,, where the resistance is high, the voltage is calculated as V,,.. = 1 x 
10° A x 40 x 10° Q = 40 V. 

In summary, here is the effect of an open in a series circuit: 


1. The current / is zero in all components. 
2. The voltage drop across each good component is 0 V. 
3. The voltage across the open points equals the applied voltage. 


The Applied Voltage V, Is Still Present 
with Zero Current 


The open circuit in Fig. 4-19b is another example of how voltage and current are 
different. There is no current with the open circuit because there is no complete path 
for current flow between the two battery terminals. However, the battery still has its 
potential difference of 40 V across the positive and negative terminals. In other 
words, the applied voltage V, is still present with or without current in the external 
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Figure 4-20 Series circuit for 


Example 4—6. 
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R, =150Q 


R; =180 Q 


circuit. If you measure V, with a voltmeter, it will measure 40 V regardless of 
whether the circuit is closed, as in Fig. 4-19a, or open, as in Fig. 4—19b. 

The same idea applies to the 120-V,,. voltage from the power line in our homes. 
The 120 V potential difference is available from the terminals of the wall outlet. If 
you connect a lamp or appliance to the outlet, current will flow in those circuits. 
When there is nothing connected, though, the 120 V potential is still present at the 
outlet. If you accidentally touch the metal terminals of the outlet when nothing else 
is connected, you will get an electric shock. The power company is maintaining the 
120 V at the outlets as a source to produce current in any circuit that is plugged into 
the outlet. 


Example 4-6 


Assume that the series circuit in Fig. 4-20 has failed. A technician troubleshooting 
the circuit used a voltmeter to record the following resistor voltage drops: 


V,=0V 
V,=0V 
V,=24V 
V,=0V 


Based on these voltmeter readings, which component is defective and what type of 
defect is it? (Assume that only one component is defective.) 


ANSWER To help understand which component is defective, let’s calculate 
what the values of V,, V}, V}, and V, are supposed to be. Begin by calculating Ry 
and I. 
R,=R,+R,+R,4+R, 
= 150 Q + 120 Q + 180 Q + 150 Q 


R = 600 Q 
V. 
-24V 
600 Q 
I=40 mA 
Next, 
V =IXR, 
= 40 mA x 150 Q 
V,=6V 
V,=I1xR, 
= 40 mA x 120 Q 
V,=4.8 V 
V =IX R, 
= 40 mA x 180 Q 
V,=7.2V 
V,=IxR, 
= 40 mA x 150 Q 
V,=6V 
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Next, compare the calculated values with those measured in Fig. 4-20. When the 
circuit is operating normally, V,, V,, and V, should measure 6 V, 4.8 V, and 6 V, 
respectively. Instead, the measurements made in Fig. 4—20 show that each of these 
voltages is 0 V. This indicates that the current / in the circuit must be zero, caused 
by an open somewhere in the circuit. The reason that V,, V,, and V, are O V is 
simple: V = I x R. If = 0 A, then each good resistor must have a voltage drop 

of 0 V. The measured value of V, is 24 V, which is considerably higher than its 
calculated value of 7.2 V. Because V, is dropping the full value of the applied 
voltage, it must be open. The reason the open R, will drop the full 24 V is that it 
has billions of ohms of resistance and, in a series circuit, the largest resistance 
drops the most voltage. Since the open resistance of R, is so much higher than the 
values of R,, R,, and R,, it will drop the full 24 V of applied voltage. 


The Effect of a Short in a Series Circuit 


A short circuit is an extremely low resistance path for current flow. The resistance 
of a short is assumed to be 0 Q. This is in contrast to an open, which is assumed to 
have a resistance of infinite ohms. Let’s reconsider the circuit in Fig. 4-19 with R, 
shorted. The circuit is redrawn for your convenience in Fig. 4-21. Recall from 
Fig. 4-19a that the normal values of V,, V,, and V, are 25 V, 10 V, and 5 V, respec- 
tively. With the 10-Q R, shorted, the total resistance R, will decrease from 40 Q to 
30 Q. This will cause the series current to increase from 1 A to 1.33 A. This is cal- 
culated as 40 V/ 30 Q = 1.33 A. The increase in current will cause the voltage drop 
across resistors R, and R, to increase from their normal values. The new voltage 
drops across R, and R, with R, shorted are calculated as follows: 


V, =/xR = 133 Ax 25Q V,=1xXR,=133AxK5Q 
V, = 33.3 V V, = 6.67 V 


The voltage drop across the shorted R, is 0 V because the short across R, effec- 
tively makes its resistance value 0 Q. Then, 


V,=IxR,=1.33AXx0Q 
V,=0V 
In summary, here is the effect of a short in a series circuit: 


1. The current / increases above its normal value. 
2. The voltage drop across each good component increases. 
3. The voltage drop across the shorted component drops to 0 V. 


Figure 4-21 Series circuit of Fig. 4-19 with R, shorted. 
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Example 4-7 


Figure 4-22 Series circuit for 


Example 4-7. 
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R,=1502 


= + 
R; =180Q 


Assume that the series circuit in Fig. 4-22 has failed. A technician troubleshooting 
the circuit used a voltmeter to record the following resistor voltage drops: 


V,=8V 
V,=64V 
V;=9.6V 
V,=0V 


Based on the voltmeter readings, which component is defective and what type of 
defect is it? (Assume that only one component is defective.) 


ANSWER This is the same circuit used in Example 4—6. Therefore, the normal 
values for V,, V», V}, and V, are 6 V, 4.8 V, 7.2 V, and 6 V, respectively. Comparing 
the calculated values with those measured in Fig. 4—22 reveals that V,, V,, and V, 
have increased from their normal values. This indicates that the current has 
increased, this is why we have a larger voltage drop across these resistors. The 
measured value of 0 V for V, shows a significant drop from its normal value of 

6 V. The only way this resistor can have 0 V, when all other resistors show an 
increase in voltage, is if R, is shorted. Then V, = 1X R,=1x0Q9=0 V. 


General Rules for Troubleshooting Series Circuits 


When troubleshooting a series circuit containing three or more resistors, remember 
this important rule: The defective component will have a voltage drop that will 
change in the opposite direction as compared to the good components. In other 
words, in a series circuit containing an open, all the good components will have a 
voltage decrease from their normal value to 0 V. The defective component will have 
a voltage increase from its normal value to the full applied voltage. Likewise, in a 
series circuit containing a short, all good components will have a voltage increase 
from their normal values and the defective component’s voltage drop will decrease 
from its normal value to 0 V. The point to be made here is simple: The component 
whose voltage changes in the opposite direction of the other components is the 
defective component. In the case of an open resistor, the voltage drop increases to 
the value of the applied voltage and all other resistor voltages decrease to 0 V. In the 
case of a short, all good components show their voltage drops increasing, whereas 
the shorted component shows a voltage decrease to 0 V. This same general rule 
applies to a series circuit that has components whose resistances have increased or 
decreased from their normal values but are neither open or shorted. 


E 4-10 Self-Review 


Answers at the end of the chapter. 


In Fig. 4-20, how much voltage is across R, if it is open? 

In Fig. 4-20, how much voltage is across R, if it is shorted? 

c. In Fig. 4-20, does the voltage across R, increase, decrease, or stay the 
same if the value of R, increases? 


SP 
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Application of Series Circuits 


HOLIDAY LIGHTS 


During the holiday season, it is common to see strings of lights 
decorating trees and the outside of homes and businesses. 
Some strings of lights are on continuously while others may 
blink on and off rapidly. When examining a string of holiday 
ights for the first time, it may not be apparent that the bulbs are 
all connected in series. This is because the string of lights is 
interwoven between two other conductors making it difficult to 
figure out the exact wiring configuration. A typical set of holiday 
ights is shown in Figs. 4-23a and 4-23b. Notice that there is 
only one wire entering the socket of each bulb and only one 
wire leaving. This indicates the 
Figure 4-23c shows the wiring diagram for a string of holiday 
ights with 50 bulbs. Notice that one end has a male plug so the 
string of lights can be plugged into the 120 V AC power line. The 
other end has a 120 V receptacle so that another string of lights 
can be plugged in (added) to the first one. The top and bottom 
conductors that run from the plug on one end to the receptacle 
on the other end serve as nothing more than an extension cord. 

Now let’s focus on the string of lights (bulbs) between the top 
and bottom conductors in Fig. 4-23c. Notice that all 50 bulbs are 
connected one after another in series. Furthermore, notice 
that one end of the series string is connected to the top 
conductor on the plug-end while the other end is connected to 
the bottom conductor on the receptacle-end. Therefore, the 
string of 50 bulbs is connected directly across the 120 V AC 
power line. Since the bulbs are all identical, the applied voltage 
of 120 V divides evenly among them. Since there are 50 bulbs, 
the voltage across each bulb equals 120 V/50 or 2.4 V. If the 
entire string of bulbs draws 166.7 mA of current, the power 
dissipated by each bulb is calculated as 2.4 V X 166.7 mA = 
400 mW. The power dissipated by the entire string of bulbs 
equals 400 mW/bulb x 50 bulbs = 20 W. The values of voltage, 
curren power listed here are very typical for a string of 
holiday lights with 50 incandescent bulbs. 

If any bulb in Fig. 4-236 is removed from its socket, the path 
for current is broken and all of the bulbs go out (dark). This 
means that the voltage across each of the remaining bulbs is 
now O V and 120 V is across the connecting terminals of the 
empty bulb socket. (Remember, the voltage across an open ina 
series circuit equals the applied voltage.) But something very 
unusual happens when a bulb burns out while it’s still in its 
socket. The bulb that burns out doesn’t light anymore but all of 
the remaining bulbs continue to light, although a little brighter 
than before. To understand how this is possible, let’s examine 
Fig. 4-23d which shows the internal construction of one of the 
bulbs. Besides the bulbs filament, notice the metal fuse link 


bulbs must be wired in series. 


DU 


t, and 


wrapped around the base of the bulbs filament wires. The fuse 
link, sometimes referred to as a shunt, is a very thin insulated 
wire. The insulation surrounding the metal fuse link is a very thin 
oxide coating. When the bulb’s filament burns open, the full 120 
V of applied voltage exists across the bulb terminals and the 
oxide coating surrounding the fuse link breaks down. This 
exposes the metal fuse 
wires at the base of the bulb. The metal fuse link is actually spot 
welded to the wires at the base of the bulb’s filament. (Under 
normal circumstances, the insulation prevents the metal fuse 
link from shorting the base of the bulb’s filament.) Due to the 


ink which in turn shorts the filament 


Figure 4-23a Holiday lights. 
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Figure 4-23b Close-up view of holiday lights. 


Figure 4-23c Wiring diagram for the lights in Fig. 4-23b. 
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Sarah Schultz Photography 


Sarah Schultz Photography 


Internal construction of an incandescent bulb 


Figure 4-23d 
used with holiday lights. 


Bulb filament 


Metal fuse link 
with thin oxide coating 


Bulb leads 


very low resistance of the metal fuse link, the voltage across the 
shorted filament is nearly O V. This causes the voltage across 
each of the remaining bulbs to increase slightly making them 
glow a little brighter. If too many bulbs burn out, the remaining 
good bulbs become stressed due to the increased voltage drop 
and power dissipation. In fact, if too many bulbs burn out it is 


ikely they all will. This is due to the excessive power dissipation 
in the remaining good bulbs. This is why a string of holiday lights 
should be inspected regularly for burned out bulbs. When you 
see a bad bulb, replace it. If you don’t, you'll risk the chance of all 
bulbs burning out (in rapid succession) due to excessive power 
dissipation. 

tis important to realize that the total resistance of the string 
of lights continues to decrease as more and more bulbs burn 
out. 
its normal value of 166.7 mA. The in-line fuses shown in 


This, in turn, causes the series current to increase above 


Fig. 4-23c (inside of the male plug) are typically 3 A fuses. 


FLASHER UNIT 


Some holiday lights blink on and off rapidly. These strings of 
ights replace one of the series connected bulbs with a specia 
flasher unit. The flasher unit looks like all the other bulbs except 
that the tip of the bulb is dipped in a dye so that it is easy to 
identify which bulb is the flasher unit. The flasher unit is designed 
to open and close as the bulb heats up and cools down. 
Figure 4-23e shows a picture of a typical flasher unit, whereas 
Fig. 4-23f shows its internal construction. The flasher unit 
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Figure 4-23e Flasher unit. Note the red dye on the tip of the 
bulb. 
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Internal construction of flasher unit. 


Figure 4-23f 


Bulb filament 
Point of contact 


The bi-metal strip pulls 
away from the filament 
when heated 


Bi-metallic switch structure 


L~ 


Bulb leads 


incorporates a bi-metallic thermal switch, which is nothing more 
than two dissimilar strips of metal that bend when heated. When 
the heat produced by the bulb’s filament reaches some 
predetermined level, the bi-metallic thermal switch opens. 
When the bulb cools off, it closes again. Since the flasher unit is 
in series with all of the bulbs in the entire series string, all of the 
ights blink on and off rapidly. Because strings of holiday lights 
are often used outdoors, the outside temperature may affect 
how fast the lights blink on and off. 
Here’s one final point. The flasher unit does not have a built-in 
metal fuse link like the other bulbs. Therefore, if a flasher unit 
has an open filament, none of the bulbs in the string will light. In 
this case, the flasher unit must be replaced. 

Chapter 5, Parallel Circuits, examines the effects of connecting 
additional strings of lights to the first set. It also examines how 
a string of 100 holiday lights is wired. 
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Summary 


There is only one current, /, in a 
series circuit: / = V,/R;, where V, is 
the voltage applied across the total 
series resistance R,. This / is the 
same in all the series components. 


The total resistance R, of a series 
string is the sum of the individual 
resistances. 


Kirchhoff’s voltage law states that 
the applied voltage V, equals the 
sum of the /R voltage drops ina 
series circuit. 


The negative side of an /R voltage 
drop is where electrons flow in, 


Important Terms 


Chassis ground — a common return 
path for current in a circuit. The 
common return path is often a 
direct connection to a metal chassis 
or frame or perhaps a copper foil 
trace on a printed-circuit board. The 
symbol for chassis ground is 


Double subscript notation — a 

notational system that identifies the 
points in the circuit where a voltage 
measurement is to be taken, i.e., Vag. 
The first letter in the subscript 
indicates the point in the circuit where 
the measurement is to be taken, and 
the second letter indicates the point of 
reference. 


Earth ground — a direct connection to 
the earth usually made by driving 
copper rods into the earth and then 


Related Formulas 


R =R +R, +R +++: etc. 
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attracted to the positive side at the 
opposite end. 


The sum of the individual values of 
power used in the individual 
resistances equals the total power 
supplied by the source. 


Series-aiding voltages are added; 
series-opposing voltages are 
subtracted. 


An open circuit results in no current 
in all parts of the series circuit. 


For an open in a series circuit, the 
voltage across the two open 
terminals is equal to the applied 


connecting the ground wire of an 
electrical system to this point. The 
earth ground connection can serve 
as a common return path for the 
current in a circuit. The symbol for 
earth ground is — 


Kirchhoff’s voltage law (KVL) — a law 
stating that the sum of the voltage 
drops in a series circuit must equal 
the applied voltage. 


Series-aiding voltages — voltage 
sources that are connected so that 
the polarities of the individual sources 
aid each other in producing current in 
the same direction in the circuit. 


Series components — components that 
are connected in the same current 
path. 


Ve=IXR 


voltage, and the voltage across the 
remaining components is O V. 


A short in a series circuit causes the 
current to increase above its normal 
value. The voltage drop across the 
shorted component decreases to 
OV, and the voltage drop across the 
remaining components increases. 


Series-opposing voltages — voltage 
sources that are connected so that 
the polarities of the individual sources 
will oppose each other in producing 
current flow in the circuit. 


Series string — a combination of series 
resistances. 


Troubleshooting - a term that refers to 
diagnosing or analyzing a faulty 
electronic circuit. 

Voltage drop — a voltage across a 


resistor equal to the product of the 
current, /, and the resistance, R. 


Voltage polarity — aterm to describe 
the positive and negative ends of 
a potential difference across a 
component such as a resistor. 


V.=V,+V,+V,+---+etc. 
P,=P,+P,+P,+---+etc. 
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Self-Test 


Answers at the back of the book. 


1. Three resistors in series have 
individual values of 120 Q, 680 Q, 
and 1.2 kQ. How much is the total 
resistance, R,? 


a. 1.8 kQ. 
b. 20 kQ. 
č- 2 kQ, 


d. none of the above. 


2. In a series circuit, the current, 
l, is 
a. different in each resistor. 
b. the same everywhere. 


c. the highest near the positive and 
negative terminals of the voltage 
source. 


d. different at all points along the 
circuit. 


3. In a series circuit, the largest 
resistance has 


a. the largest voltage drop. 
b. the smallest voltage drop. 


c. more current than the other 
resistors. 


d. both a and c. 


4. The polarity of a resistor’s voltage 
drop is determined by 


a. the direction of current through 
the resistor. 


b. how large the resistance is. 


c. how close the resistor is to the 
voltage source. 


d. how far away the resistor is from 
the voltage source. 


5. A10-Q and 15-Q resistor are in 
series across a DC voltage source. 
If the 10-2 resistor has a voltage 
drop of 12 V, how much is the 
applied voltage? 


a. 18V. 
b.12V. 
c. 30V. 


d. It cannot be determined. 


6. How much is the voltage across a 
shorted component in a series 
circuit? 


a. The full applied voltage, V}. 


b. The voltage is slightly higher than 


normal. 
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10. 


11 


12. 


c. OV. 


d. It cannot be determined. 


. How much is the voltage across an 


Open component in a series circuit? 


a. The full applied voltage, V,. 


b. The voltage is slightly lower than 
normal. 


c. OV. 


d. It cannot be determined. 


. Avoltage of 120 V is applied across 


two resistors, R, and R,, in series. If 
the voltage across R, equals 90 V, 
how much is the voltage across R,? 


a. 90 V. 
b. 30V. 
c. 120V. 


d. It cannot be determined. 


. Iftwo series-opposing voltages each 


have a voltage of 9 V, the net or total 
voltage is 


a. OV. 
b. 18V. 
c. 9 V. 


d. none of the above. 


On a schematic diagram, what does 
the chassis ground symbol 
represent? 


a. hot spots on the chassis. 


b. the locations in the circuit where 
electrons accumulate. 


c. a common return path for current 
in one or more circuits. 


d. none of the above. 


. The notation, Vgc, means 


a. the voltage at point G with respect 


to point B. 


b. the voltage at point B with respect 


to point G. 


c. the battery (b) or generator 
(G) voltage. 


d. none of the above. 


If a resistor in a series circuit is 
shorted, the series current, I, 


a. decreases. 
b. stays the same. 
c. increases. 


d. drops to zero. 


13. 


14. 


15. 


16. 


17. 


18. 


A 6-V and 9-V source are connected 
in a series-aiding configuration. How 
much is the net or total voltage? 


a. —3 V. 
b. +3 V. 
c. OV. 

d.15V. 


A 56-Q and 82-Q resistor are in 
series with an unknown resistor. If 
the total resistance of the series 
combination is 200 Q, what is the 
value of the unknown resistor? 


a. 138 Q. 
b.62Q. 
c. 26 Q. 


d. It cannot be determined. 


How much is the total resistance, R,, 
of a series circuit if one of the 
resistors is open? 


a. infinite (œ) Q. 
b.0Q. 
c. R, is much lower than normal. 


d. none of the above. 


If a resistor in a series circuit 
becomes open, how much is the 
voltage across each of the remaining 
resistors that are still good? 


a. Each good resistor has the full 
value of applied voltage. 


b. The applied voltage is split evenly 
among the good resistors. 


c. OV. 


d. It cannot be determined. 


A 5-Q and 10-Q resistor are 
connected in series across a DC 
voltage source. Which resistor will 
dissipate more power? 


a. the 5-Q resistor. 
b. the 10—Q resistor. 


c. It depends on how much the 
current is. 


d. They will both dissipate the same 
amount of power. 


Which of the following equations can 
be used to determine the total power 
in a series circuit? 


a= aR, ae Pb Piste, 
b. P= VX]. 

c.P=PR. 

d. all of the above. 
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19. Using electron flow, the polarity of a 
resistor’s voltage drop is 


a. positive on the side where 
electrons enter and negative on 
the side where they leave. 


b. negative on the side were 
electrons enter and positive on the 
side where they leave. 


Essay Questions 


1. Show how to connect two resistances in series across a 
DC voltage source. 


2. State three rules for the current, voltage, and resistance 
in a series circuit. 


3. Fora given amount of current, why does a higher 
resistance have a larger voltage drop across it? 


4. Two 300-W, 120-V lightbulbs are connected in series 
across a 240-V line. If the filament of one bulb burns 
open, will the other bulb light? Why? With the open 
circuit, how much is the voltage across the source and 
across each bulb? 


5. Prove that if V = V, + V + V, then R, =R, +R, +R. 


Problems 


SECTION 4-1 WHY /IS THE SAME IN ALL PARTS OF 
A SERIES CIRCUIT 


4-1 n Fig. 4—24, how much is the current, /, at 
each of the following points? 


a. Point A 
b. Point B 
Point C 
Point D 


Point 


> oO ea 


mM 7 


Point 


Figure 4-24 


R,=102 


F 
Applied +L 
voltage V, F 
A! 
A A I= 100 mA 


R, =20Q 


~-> 


R, =30Q 
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c. opposite to that obtained with 
conventional current flow. 


d. both b and c. 


20. The schematic symbol for earth 
ground is 


=i IE ie + 


6. State briefly a rule for determining the polarity of the 
voltage drop across each resistor in a series circuit. 


7. State briefly a rule to determine when voltages are 
series-aiding. 


8. Ina series string, why does the largest R dissipate the 
most power? 


9. Give one application of series circuits. 
10. In Fig. 4-18, explain why R,,/, Vi, V2, and V; are not 


affected by the placement of the ground at different 
points in the circuit. 


4-2 |n Fig. 4—24, how much is the current, /, through each of 
the following resistors? 


a. R 
b. R, 
ex Ry 


4-3 If R, and R; are interchanged in Fig. 4-24, how much is 
the current, /, in the circuit? 


SECTION 4-2 TOTAL REQUALS THE SUM OF ALL 
SERIES RESISTANCES 
4-4 In Fig. 4—25, solve for R and /. 


4-5 Recalculate the values for R, and / in Fig. 4—25 
if R, = 220 Q and R, = 680 Q. 


Figure 4-25 


R, =1209 


R, =180 Q 
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Figure 4-26 


R,=1kQ 


R,=1.2 KQ 


R,=18kQ 


46 In Fig. 4-26, solve for R, and /. 


47 What are the new values for R, and / in Fig. 4-26 
if a 2-kQ resistor, R,, is added to the series circuit? 


48 In Fig. 4-27, solve for R, and /. 


Figure 4-27 


R,=22kQ  R,=68kQ 


R,=10kQ 


R, =100 KQ 


R,=1MQ 


4-9 Recalculate the values for R, and / in Fig. 4—27 if R, is 
changed to 100 kQ. 


SECTION 4-3 SERIES /R VOLTAGE DROPS 


4-10 n Fig. 4—25, find the voltage drops across 
R, and R. 


4-11 n Fig. 4—26, find the voltage drops across R}, 
R,, and R}. 


4-12 In Fig. 4-27, find the voltage drops across R}, Rə, R3, Ry, 
and R.. 


4-13 In Fig. 4-28, solve for R;,/, V, V5, and V3. 


Figure 4-28 


R, = 3302 


R, =4709 


R,=12kQ 
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4-14 In Fig. 4—28, recalculate the values for R,,/, Va, V2, and 
V; if V; is increased to 60 V. 


4-15 In Fig. 4-29, solve for R, l, Vi, Va, V3, and V4. 


Figure 4-29 


R,=18kQ 


R, =2.7kQ 


R,=33kQ RR, =8.2kQ 


SECTION 4-4 KIRCHHOFF’S VOLTAGE LAW (KVL) 


4-16 Using Kirchhoff’s voltage law, determine the value of the 
applied voltage, V}, in Fig. 4-30. 


Figure 4-30 


417 If V,=2V,V,=6V,and V = 7 V in Fig. 4-30, how 
much is V? 


4-18 Determine the voltage, V,, in Fig. 4-31. 


Figure 4-31 
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419 In Fig. 4-32, solve for the individual resistor 
voltage drops. Then, using Kirchhoff’s voltage law, find V,. 


Figure 4-32 
R,=18 kQ R, = 2.2 kQ 
+ 
V R,=1kQ 
~]|l=4mA 
R, = 10 kQ R, = 15 kQ 


4-20 An applied voltage of 15 V is connected across resistors 
R, and R, in series. If V, = 3 V, how much is V,? 


SECTION 4-5 POLARITY OF /RVOLTAGE DROPS 
4-21 In Fig. 4-33, 
a. Solve for R, l, Vi, V2, and V3. 


b. Indicate the direction of electron flow through R}, R>, 
and R3. 


c. Write the values of V,, Vz, and V; next to resistors R}, 
R,, and R}. 


d. Indicate the polarity of each resistor voltage drop. 


Figure 4-33 


R,=102 


R,=392 


R =51Q 


4-22 In Fig. 4-33, indicate the polarity for each resistor 
voltage drop using conventional current flow. Are the 
polarities opposite to those obtained with electron flow 
or are they the same? 


4-23 If the polarity of V, is reversed in Fig. 4-33, what 


happens to the polarity of the resistor voltage drops and 
why? 


SECTION 4-6 TOTAL POWER IN A SERIES CIRCUIT 
4-24 In Fig. 4-25, calculate P}, P>, and P}. 

4-25 In Fig. 4—26, calculate P}, P>, P3, and P}. 

4-26 In Fig. 4-27, calculate P}, Pa, Pa, Pas Ps, and P}. 


4-27 In Fig. 4—28, calculate P,, P», Pa, and P}. 


4-28 In Fig. 4-29, calculate P,, P>, Pa, Pa and P}. 
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SECTION 4-7 SERIES-AIDING AND 
SERIES-OPPOSING VOLTAGES 
4-29 In Fig. 4-34, 


a. How much is the net or total voltage, V, across R,? 


b. How much is the current, /, in the circuit? 


c. What is the direction of electron flow through R,? 


Figure 4-34 


R,=2.7kQ 


4-30 In Fig. 4-35, 


a. How much is the net or total voltage, V}, across R,? 


b. How much is the current, /, in the circuit? 


c. What is the direction of electron flow through R, ? 


Figure 4-35 
V,=24V = 
R,=1kQ 
V,=10V = 


4-31 In Fig. 4-35, assume that V, is increased to 30 V. What is 
a. The net or total voltage, V}, across R4? 


b. The current, /, in the circuit? 


c. The direction of electron flow through R,? 


4-32 In Fig. 4-36, 


a. How much is the net or total voltage, V}, across R,? 


b. How much is the current, /, in the circuit? 


c. What is the direction of electron flow through R,? 


Figure 4-36 


R,=2kQ 
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4-33 In Fig. 4-37, 4-36 In Fig. 4-40, solve for R, V;, V3, Vas Ro» Ra, Pr» Py» Po, Ps, 


a. How much is the net or total voltage, V}, across R, and P4. 
and R, in series? - 
b. How much is the current, /, in the circuit? Figure 4-40 
c. What is the direction of electron flow through R, R, =3.3 kQ R, 


and R,? 
d. Calculate the voltage drops across R, and R}. 


Figure 4-37 


R,=47KQ R, 


V,=16V 
R =12Q 4-37 In Fig. 4-41, solve for I, Ry, Vp, Vs, Vz, Vi, Ry, Pao Pos P3, 
v, and P,. 
Figure 4-41 


R, =18 Q R,=1kQ R, = 1.8 kQ 


SECTION 4-8 ANALYZING SERIES CIRCUITS WITH 


RANDOM UNKNOWNS 

4-34 In Fig. 4—38, calculate the value for the series resistor, R, R,=1.2kQ 
R, that will allow a 12-V, 150-mA CD player to be 
operated from a 30-V supply. 


4-38 In Fig. 4—42, solve for /, Ri, Rə, Vs, Va, Pi, Pa, P3, and Ph. 


Figure 4-42 

Figure 4-38 
V,=30V = 
R,=3.3kQ 

4-39 In Fig. 4—43, solve for R, l, Vp, Vi Vz, V3, Vy Pas Pos Pho 
4-35 In Fig. 4-39, solve for I, V,, Va, V3, V+, Ra» Pr, Po, and P3. and P,. 

Figure 4-43 
Figure 4-39 

P, =1W 


R,=1209 R, = 200 Q R,=4002 


R, =100Q 


R, = 6002 R, 
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4-40 A 120-Q resistor is in series with an unknown resistor. 
The voltage drop across the unknown resistor is 12 V 
and the power dissipated by the 120-Q resistor is 4.8 W. 
Calculate the value of the unknown resistor. 


4-41 A1.5-kQ resistor is in series with an unknown resistance. 
The applied voltage, V}, equals 36 V and the series current 
is 14.4 mA. Calculate the value of the unknown resistor. 


4-42 How much resistance must be added in series with a 
6.3-V, 150-mA lightbulb if the bulb is to be operated 
from a 12-V source? 


4-43 A 1-kQ and 1.5-kQ resistor are in series. If the total 
power dissipated by the resistors is 250 mW, how much 
is the applied voltage, V}? 


4-44 A 22-Q resistor is in series with a 12-V motor that is 
drawing 150 mA of current. How much is the applied 
voltage, V;? 


SECTION 4-9 GROUND CONNECTIONS IN 
ELECTRICAL AND ELECTRONIC SYSTEMS 
4-45 In Fig. 4-44, solve for Vig, Vag, and Veg. 


Figure 4-44 


4-46 In Fig. 4—45, solve for Vig, Vag, and Veg. 


Figure 4-45 


Series Circuits 


4-47 In Fig. 4—46, solve for Vic, Vecs Veg, and Voc- 


Figure 4-46 


R, = 3302 


4-48 In Fig. 4-47, solve for Vag, Vag, and Veg. 


Figure 4-47 


R,=2kQ 


R,=1kO 


SECTION 4-10 TROUBLESHOOTING: OPENS AND 
SHORTS IN SERIES CIRCUITS 
4-49 In Fig. 4—48, solve for R, l, V,, V5, and V3. 


Figure 4-48 


R,=1kQ 


R,=3kQ 


R,=2kQ 
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4-50 In Fig. 4-48, assume R, becomes open. How much is 
a. the total resistance, R;? 
b. the series current, /? 


c. the voltage across each resistor, R,, Rə, and R3? 


4-51 In Fig. 4-48, assume R; shorts. How much is 


a. the total resistance, R,? 


b. the series current, /? 


c. the voltage across each resistor, R}, R,, and R,? 


Critical Thinking 


4-53 Three resistors in series have a total resistance R, of 
2.7 kQ. If R, is twice the value of R, and R, is three times 
the value of R,, what are the values of R}, Ra, and R3? 


4-54 Three resistors in series have an R, of 7 kQ. If R, is 
2.2 times larger than R, and 1.5 times larger than R,, 
what are the values of R,, Rj, and R3? 


4-55 A 100-Q, '/s-W resistor is in series with a 330-Q, %-W 
resistor. What is the maximum series current this circuit 
can handle without exceeding the wattage rating of 

either resistor? 


4-56 A 1.5-kQ, %-W resistor is in series with a 470-Q, “%-W 
resistor. What is the maximum voltage that can be 
applied to this series circuit without exceeding the 
wattage rating of either resistor? 


4-57 Refer to Fig. 4—49. Select values for R, and V, so that 
when R; varies from 1 kQ to O Q, the series current 


Troubleshooting Challenge 


4-52 In Fig. 4-48, assume that the value of R, has increased 
but is not open. What happens to 


. the total resistance, R;? 


a 
b. the series current, 1? 


P 


the voltage drop across R,? 


d. the voltage drops across R, and R,? 


varies from 1 to 5 mA. V, and R, are to have fixed or 
constant values. 


Figure 4-49 Circuit diagram for Critical Thinking Prob. 4-57. 


R, 


R =1KQ-0 Q 


Table 4—1 shows voltage measurements taken in Fig. 4—50. The first row shows the normal values that exist when the circuit is 
operating properly. Rows 2 to 15 are voltage measurements taken when one component in the circuit has failed. For each row, 
identify which component is defective and determine the type of defect that has occurred in the component. 


Figure 4-50 Circuit diagram for Troubleshooting Challenge. Normal values for V,, V>, V3, 


V, and V; are shown on schematic. 
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Table 4-1 Table for Troubleshooting Challenge 


V, V, V; V, V: Defective Component 
WOLTS 
1 Normal values 3} 5.4 6.6 345 5.4 None 
2 Trouble 1 (0) 24 (0) (0) (0) 
3 Trouble 2 4.14 7.45 (0) 4.96 7.45 
4 Trouble 3 353 35) Eh (0) 6.35 
5 Trouble 4 24 O (0) © (0) 
6 Trouble 5 (0) 6.17 7.54 4.11 @oll / 
7 Trouble 6 (0) (0) (0) 24 (0) 
8 Trouble 7 3.87 (0) 8.52 4.64 6.97 
9 Trouble 8 (0) (0) 24 (0) (0) 
10 Trouble 9 O O (0) (0) 24 
11 Trouble 10 2.4 4.32 528 2.88 QIZ 
12 Trouble 11 4 UP 0.8 4.8 U2 
13 Trouble 12 Bie OSY e2 4.64 (0) 
14 Trouble 13 156 2.16 2.64 1.44 DAG 
15 Trouble 14 3.43 6.17 TDD 0.68 6.17 


Answers to Self-Reviews 4-1 


a. R, R», R3, V;, and the wires 4-6 a. 6W 
b. 5A b. R» 
c. 2A 
4-7 a. 100V 
4-2 a. 2mA b. 20V 
b. 10 kQ 
c. 1 mA 4-8 a. 30V 
b. 90V 
4-3 a. 10V c. 60V 
b. 1A 
c. 1A 4-9 a. —10V 
d. 1A b. OV 
c. +20V 
4-4 a. 60V d. +30V 
b. 75V 
c. 40V 4-10 a. 24V 
b. OV 
4-5 a. point BorC c. decreases 
b. point A or F 
c. point D 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the 
characteristics of a simple series circuit. You will also 
troubleshoot a series with open and shorted resistors. 


Equipment: Obtain the following items from your instructor. 


+ Variable dc power supply 
+ Assortment of carbon-film resistors 
< DMM 


Series Circuit Characteristics 


Examine the series circuit in Fig. 4-51. Calculate and record 
the following values: 


R= = Vi = Ve = VE 


R,=1kQ 


R,=1.5kQ 


R,=2kQ 
Construct the series circuit in Fig. 4—51. Measure and record 
the following values. 


(Note that the power supply connections must be removed to 
measure R.) 


Rr = sl = hi = Vo= »V3= 


ow does the ratio V,/V, compare to the ratio R,/R,? 


ow does the ratio V/V, compare to the ratio R,/R,? 


Add the measured voltages V,, V», and V,. Record your answer. 


How does this value compare to the value of V;? 
Does the sum of the resistor voltage drops satisfy KVL? 


Using measured values, prove that the current, /, is the same in 
all parts of a series circuit. Show your calculations. 


Design credit Multisim: ©Stockbyte/Getty Images 
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In Fig. 4-51, which series resistor dissipates the most amount 
of power? 


Which resistor dissipates the least amount of 
power? 


Troubleshooting a Series Circuit 


n the following troubleshooting exercise, a 1 Q resistor will be 
used to simulate a short circuit whereas a 1 MQ resistor will be 
used to simulate an open circuit. 


n Fig. 4-51, replace resistor R, with a 1 Q resistor. Next, 
measure and record the current, / and the voltages Vos Vex and Ve 
f= “= A= a 


1 3 


Did the current, /, increase or decrease with R, shorted? 
Explain why. 


Did the voltage drops across R, and R, increase or decrease 
with R, shorted? 
Explain why. 


Did the voltage drop across R, increase or decrease with R, 
shorted? 


Explain why. 


Next, change R, to a 1 MQ resistor. Measure and record the 
current, / and the voltages V,, V,, and V}. 
|= 5 V = V. = A V = 


1 SENA 3 


Did the current, / increase or decrease with R, open? 
Explain why. 


Did the voltage drops across R, and R, increase or decrease 
with R, open? 
Explain why. 


Did the voltage drop across R, increase or decrease with R, 


open? Explain why. 
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Parallel Circuits 


A circuit is any circuit that provides one common voltage across all 


components. Each component across the voltage source provides a separate 
path or branch for current flow. The individual branch currents are calculated as Zz 
where V, is the applied voltage and R is the individual branch resistance. The total 
current, l+, supplied by the applied voltage, must equal the sum of all individual 
branch currents. 


The equivalent resistance of a parallel circuit equals the applied voltage, V,, divided 
by the total current, /,. The term equivalent resistance refers to a single resistance 
that would draw the same amount of current as all the parallel connected branches. 
The equivalent resistance of a parallel circuit is designated Ro. 


This chapter covers all the characteristics of parallel circuits, including important 
information about how to troubleshoot a parallel circuit with a defective 
component. 


| Chapter Outline 


5-1 


5-2 
5-3 
5-4 
55 


The Applied Voltage V, Is the Same 5-6 
across Parallel Branches 


Each Branch / Equals V,/R 
Kirchhoff’s Current Law (KCL) 5-8 


5-7 


Resistances in Parallel 


Conductances in Parallel 


Total Power in Parallel Circuits 


Analyzing Parallel Circuits with Random 
Unknowns 


Troubleshooting: Opens and Shorts in 
Parallel Circuits 


After studying this chapter, you should be able to 


Explain why voltage is the same across all = 
the branches in a parallel circuit. 


Calculate the individual branch currents in a a 
parallel circuit. = 
Calculate the total current in a parallel circuit 

using Kirchhoff’s current law. 

Calculate the equivalent resistance of two or n 
more resistors in parallel. 

Explain why the equivalent resistance of a a 


parallel circuit is always less than the 
smallest branch resistance. 


Calculate the total conductance of a parallel 
circuit. 
Calculate the total power in a parallel circuit. 


Solve for the voltage, current, power, and 
resistance in a parallel circuit having 
random unknowns. 


Describe the effects of an open and shortina 
parallel circuit. 


Troubleshoot parallel circuits containing 
opens and shorts. 


equivalent resistance, Reg main line 
Kirchhoff’s current law (KCL) parallel bank 


reciprocal resistance formula 


Parallel Circuits 
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GOOD TO KNOW 


Components can be connected in 


parallel even if they are not 


connected to a voltage source. 


5-1 The Applied Voltage V, Is the Same 
across Parallel Branches 


A parallel circuit is formed when two or more components are connected across a 
voltage source, as shown in Fig. 5-1. In this figure, R, and R, are in parallel with 
each other and a 1.5-V battery. In Fig. 5—1b, points A, B, C, and E are equivalent to 
a direct connection at the positive terminal of the battery because the connecting 
wires have practically no resistance. Similarly, points H, G, D, and F are the same as 
a direct connection at the negative battery terminal. Since R, and R, are directly con- 
nected across the two terminals of the battery, both resistances must have the same 
potential difference as the battery. It follows that the voltage is the same across 
components connected in parallel. The parallel circuit arrangement is used, there- 
fore, to connect components that require the same voltage. 

A common application of parallel circuits is typical house wiring to the power 
line, with many lights and appliances connected across the 120-V source (Fig. 5—2). 
The wall receptacle has a potential difference of 120 V across each pair of terminals. 
Therefore, any resistance connected to an outlet has an applied voltage of 120 V. 
The lightbulb is connected to one outlet and the toaster to another outlet, but both 
have the same applied voltage of 120 V. Therefore, each operates independently of 
any other appliance, with all the individual branch circuits connected across the 
120-V line. 


Figure 5-1 Example of a parallel circuit with two resistors. (a) Wiring 
diagram. (b) Schematic diagram. 


(a) (b) 


Figure 5-2 
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Lightbulb and toaster connected in parallel with the 120-V line. (a) Wiring diagram. (b) Schematic diagram. 


100-W 
120-V bulb 


<> 


120-V Ro 


source toaster 


me 


terminal Wall receptacle 


(a) (b) 
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GOOD TO KNOW 


In a parallel circuit, the branch 
with the lowest resistance always 
has the most current. This must 
be true because each branch 
current is calculated as a where 


V, is the same across all branches. 


E 5-7 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 5-1, how much is the common voltage across R, and R,? 

b. In Fig. 5-2, how much is the common voltage across the bulb and the 
toaster? 

c. How many parallel branch circuits are connected across the voltage 
source in Figs. 5-1 and 5-2? 


5-2 Each Branch / Equals V,/R 


In applying Ohm’s law, it is important to note that the current equals the voltage 
applied across the circuit divided by the resistance between the two points where 
that voltage is applied. In Fig. S—3a, 10 V is applied across the 5 Q of R,, resulting 
in the current of 2 A between points E and F through R,. The battery voltage is also 
applied across the parallel resistance of R,, applying 10 V across 10 Q. Through R,, 
therefore, the current is 1 A between points C and D. The current has a different 
value through R,, with the same applied voltage, because the resistance is different. 
These values are calculated as follows: 


Va _ 10 
=z 10 S 
Va _ 10 
L=% 572A 


Figure 5—3b shows how to assemble axial-lead resistors on a lab prototype board 
to form a parallel circuit. 

Just as in a circuit with one resistance, any branch that has less R allows more 7. 
If R, and R, were equal, however, the two branch currents would have the same 
value. For instance, in Fig. 5—1b each branch has its own current equal to 
1.5 V/5Q=0.3A. 

The / can be different in parallel circuits that have different R because V is the 
same across all the branches. Any voltage source generates a potential difference 
across its two terminals. This voltage does not move. Only J flows around the cir- 
cuit. The source voltage is available to make electrons move around any closed path 
connected to the terminals of the source. The amount of / in each separate path 
depends on the amount of R in each branch. 


Figure 5-3 Parallel circuit. (a) The current in each parallel branch equals the applied voltage V, divided by each branch resistance R. 
(b) Axial-lead resistors assembled on a lab prototype board, forming a parallel circuit. 


Parallel Circuits 


Cindy Schroeder/McGraw-Hill Education 


(6) 
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Example 5-1 


Figure 5-4 Circuit for 
Example 5-1. 


R,= 
600 Q 
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In Fig. 5—4, solve for the branch currents /, and J. 


ANSWER The applied voltage, V,, of 15 V is across both resistors R, and R}. 


Therefore, the branch currents are calculated as P where V, is the applied 
voltage and R is the individual branch resistance. 


Fle! 
Il 
>< 


a 
< 


Il 
25 


E 5-2 Self-Review 

Answers at the end of the chapter. 
Refer to Fig. 5-3. 

How much is the voltage across R,? 
How much is J, through R,? 

How much is the voltage across R,? 
How much is J, through R,? 


Bos S 


5-3 Kirchhoff’s Current Law (KCL) 


Components to be connected in parallel are usually wired directly across each other, 
with the entire parallel combination connected to the voltage source, as illustrated in 
Fig. 5-5. This circuit is equivalent to wiring each parallel branch directly to the volt- 
age source, as shown in Fig. 5—1, when the connecting wires have essentially zero 
resistance. 

The advantage of having only one pair of connecting leads to the source for all 
the parallel branches is that usually less wire is necessary. The pair of leads connect- 
ing all the branches to the terminals of the voltage source is the main line. In 
Fig. 5-5, the wires from G to A on the negative side and from B to F in the return 
path form the main line. 

In Fig. 5-5b, with 20 Q of resistance for R, connected across the 20-V battery, the 
current through R, must be 20 V/20 Q = 1 A. This current is electron flow from the 
negative terminal of the source, through R,, and back to the positive battery termi- 
nal. Similarly, the R, branch of 10 Q across the battery has its own branch current of 
20 V/10 Q = 2 A. This current flows from the negative terminal of the source, 
through R,, and back to the positive terminal, since it is a separate path for electron 
flow. 

All current in the circuit, however, must come from one side of the voltage 
source and return to the opposite side for a complete path. In the main line, there- 
fore, the amount of current is equal to the total of the branch currents. 


Chapter 5 


Figure 5-5 The current in the main line equals the sum of the branch currents. Note that from G to A at the bottom of this diagram is the 
negative side of the main line, and from B to F at the top is the positive side. (a) Wiring diagram. Arrows inside the lines indicate current in 
the main line for R,; arrows outside indicate current for R. (b) Schematic diagram. h is the total line current for both R, and R>. 


B D F B D 

ee ai aa saaie ian lee, dedi ial Teele aa š 
| Io=2A 
R,=102 
4 
H =2A 


For example, in Fig. 5-5b, the total current in the line from point G to point A is 


3 A. The total current at branch point A subdivides into its component branch cur- 
GOOD TO KNOW rents for each of the branch resistances. Through the path of R, from A to B the 
As more branches are added to a current is 1 A. The other branch path ACDB through R, has a current of 2 A. 
parallel circuit, the total current, At the branch point B, the electron flow from both parallel branches combines, so 


that the current in the main-line return path from B to F has the same value of 3 A 
as in the other side of the main line. 

Kirchhoff’s current law (KCL) states that the total current /, in the main line of 
a parallel circuit equals the sum of the individual branch currents. Expressed as an 
equation, Kirchhoff’s current law is 


/,, increases. 


I,=[,+1h4+1,+---+ete. (5-1) 


where Z, is the total current and 7, J,, J, . . . are the individual branch currents. 
Kirchhoff’s current law applies to any number of parallel branches, whether the 
resistances in the branches are equal or unequal. 


Example 5-2 


An R, of 20 Q, an R, of 40 Q, and an R, of 60 Q are connected in parallel 
across the 120-V power line. Using Kirchhoff’s current law, determine the total 
current /,. 


ANSWER Current /, for the R, branch is 120/20 or 6 A. Similarly, J, is 
120/40 or 3 A, and J, is 120/60 or 2 A. The total current in the main line is 


I,=1+1,+L=6+3+2 
L=11A 
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Example 5-3 
Two branches R, and R, across the 120-V power line draw a total line current /, of 
15 A. The R, branch takes 10 A. How much is the current J, in the R, branch? 
ANSWER 1[,=/,-1,=15- 10 

L=5A 


With two branch currents, one must equal the difference between /, and the 
other branch current. 


Example 5-4 
Three parallel branch currents are 0.1 A, 500 mA, and 800 „A. Using 


Kirchhoff’s current law, calculate Z. 


ANSWER All values must be in the same units to be added. In this case, all 
units will be converted to milliamperes: 0.1 A = 100 mA and 800 „A = 0.8 mA. 
Applying Kirchhoff’s current law 


I, = 100 + 500 + 0.8 
I, = 600.8 mA 


You can convert the currents to A, mA, or „A units, as long as the same unit is 


used for adding all currents. 


E 5-3 Self-Review 


Answers at the end of the chapter. 


a. Branch currents in a parallel circuit are 1 A for I, 2 A for I,, and 3 A 
for 1. How much is I,? 

b. Assume 7, = 6 A for three branch currents; J, is 1 A, and J, is 2 A. 
How much is I,? 

c. Branch currents in a parallel circuit are 1 A for J, and 200 mA for Z. 
How much is 7,? 


5-4 Resistances in Parallel 


The combined equivalent resistance across the main line in a parallel circuit can be 
found by Ohm’s law: Divide the common voltage across the parallel resistances 
by the total current of all the branches. Referring to Fig. 5—6a, note that the 
parallel resistance of R, with R,, indicated by the equivalent resistance Ryo, is the 
opposition to the total current in the main line. In this example, V,/Ir 
is 60 V/3 A = 20 Q for Reo. 
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GOOD TO KNOW 


The statement “current always 
takes the path of least 
resistance” is not always true. If 
it were, all the current ina 
parallel circuit would flow in the 


lowest branch resistance only. 


GOOD TO KNOW 


Assume two resistors are 
connected in parallel. If one of 
the two resistors has a value 10 
or more times larger than the 
other, the equivalent resistance, 
Reg is approximately equal to the 


value of the smaller resistor. 
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Figure 5-6 Resistances in parallel. (a) Combination of R, and R, is the 
equivalent resistance Reo for the main line. (b) Equivalent circuit showing Reg drawing the 


same 3-A 4 as the parallel combination of R, and R; in (a). 


The total load connected to the source voltage is the same as though one equiva- 
lent resistance of 20 Q were connected across the main line. This is illustrated by the 
equivalent circuit in Fig. 5—6b. For any number of parallel resistances of any value, 
use the following equation, 

Reo = T (5-2) 
where Z is the sum of all the branch currents and R,, is the equivalent resistance of 
all parallel branches across the applied voltage source V,. 

The first step in solving for Rx, is to add all the parallel branch currents to find 
the Z, being delivered by the voltage source. The voltage source thinks that it is con- 
nected to a single resistance whose value allows 7, to flow in the circuit according 
to Ohm’s law. This single resistance is R,. An illustrative example of a circuit with 
two parallel branches will be used to show how R,, is calculated. 


Example 5-5 


Two branches, each with a 5-A current, are connected across a 90-V source. 
How much is the equivalent resistance Rpg? 


ANSWER The total line current J, is 5 + 5 = 10 A. Then, 


_ Va _ 90 
Ro=9Q 


Parallel Bank 


A combination of parallel branches is often called a bank. In Fig. 5—6, the bank 
consists of the 60-Q R, and 30-Q R, in parallel. Their combined parallel resistance 
Ryo is the bank resistance, equal to 20 Q in this example. A bank can have two or 
more parallel resistors. 

When a circuit has more current with the same applied voltage, this greater value 
of J corresponds to less R because of their inverse relation. Therefore, the 
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Figure 5-7 How adding parallel branches of resistors increases /, but decreases R,q. (a) One resistor. (b) Two branches. (c) Three branches. 


(d) Equivalent circuit of the three branches in (c). 


CALCULATOR 


When using the calculator to find 
a reciprocal such as 1/R, choose 
either of two methods. Either 
divide the number 1 by the value 
of R, or use the reciprocal key 
labeled 1/x. As an example, to 
find the reciprocal of R = 20 Q 
by division: 
E First punch in the number 1 on 
the key pad. 
E Then press the division ©) key. 
Punch in 20 for the value of R. 


E Finally, press the equal ©) key 
for the quotient of 0.05 on the 
display. 


E To use the reciprocal key, first 
punch in 20 for R. Then press 
the key. This may be a second 
function on some calculators, 
requiring that you push the 
@"F) or GHIFDkey before pressing 
1/9. The reciprocal equal to 0.05 
is displayed without the need for 


the (=) key. 
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combination of parallel resistances Rpg for the bank is always less than the smallest 
individual branch resistance. The reason is that 7, must be more than any one branch 
current. 


Why R,, Is Less than Any Branch R 


It may seem unusual at first that putting more resistance into a circuit lowers the 
equivalent resistance. This feature of parallel circuits is illustrated in Fig. 5-7. Note 
that equal resistances of 30 Q each are added across the source voltage, one branch 
at a time. The circuit in Fig. 5—7a has just R,, which allows 2 A with 60 V applied. 
In Fig. 5—7b, the R, branch is added across the same V,. This branch also has 2 A. 
Now the parallel circuit has a 4-A total line current because of J, + ,. Then the third 
branch, which also takes 2 A for Z, is added in Fig. 5—7c. The combined circuit with 
three branches, therefore, requires a total load current of 6 A, which is supplied by 
the voltage source. 

The combined resistance across the source, then, is V,/J,, which is 60/6, or 
10 Q. This equivalent resistance R,,., representing the entire load on the voltage 
source, is shown in Fig. 5—7d. More resistance branches reduce the combined resis- 
tance of the parallel circuit because more current is required from the same voltage 
source. 


Reciprocal Resistance Formula 


We can derive the reciprocal resistance formula from the fact that J, is the sum of 
all the branch currents, or, 


L= ++ +--+ etc. 


However, I; = V/Rgg. Also, each J = V/R. Substituting V/R;o for J, on the left side 
of the formula and V/R for each branch J on the right side, the result is 


V VaV aV 
+ F + 
Rig R, R R, 


acs etc, 


Dividing by V because the voltage is the same across all the resistances gives us 


Li 
Re R 


1 
+ R, + + etc. 


1 
tR 


2 
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Figure 5-8 Two methods of combining parallel resistances to find R-o. (a) Using the reciprocal resistance formula to 
g gP EQ g P 
calculate R-, as 4 Q. (b) Using the total line current method with an assumed line voltage of 20 V gives the same 4 Q for Reo. 
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‘, 20V 
Rea = T SA 
Reg = 42 

(b) 


Next, solve for Ryo. 


1 


Reg = Tt Vat Vato ee. i) 
This reciprocal formula applies to any number of parallel resistances of any 
value. Using the values in Fig. 5—8a as an example, 


_ 1 z 
tesu aa S 


Total-Current Method 


It may be easier to work without fractions. Figure 5—8b shows how this same prob- 
lem can be calculated in terms of total current instead of by the reciprocal formula. 
Although the applied voltage is not always known, any convenient value can be 
assumed because it cancels in the calculations. It is usually simplest to assume an 
applied voltage of the same numerical value as the highest resistance. Then one 
assumed branch current will automatically be 1 A and the other branch currents will 
be more, eliminating fractions less than 1 in the calculations. 

In Fig. 5—8b, the highest branch R is 20 Q. Therefore, assume 20 V for the 
applied voltage. Then the branch currents are 1 A in R}, 2 A in R,, and 2 A in R}. 
Their sum is 1 + 2 +2 = 5 A for Z. The combined resistance R,, across the main 
line is V,/Z,, or 20 V/5 A = 4 Q. This is the same value calculated with the recipro- 
cal resistance formula. 


Special Case of Equal Rin All Branches 


If R is equal in all branches, the combined R,. equals the value of one branch resis- 
tance divided by the number of branches. 

Rig = g 
where R is the resistance in one branch and n is the number of branches. 

This rule is illustrated in Fig. 5—9, where three 60-kQ resistances in parallel equal 
20 KQ. 

The rule applies to any number of parallel resistances, but they must all be equal. 
As another example, five 60-Q resistances in parallel have the combined resistance 
of 60/5, or 12 Q. A common application is two equal resistors wired in a parallel 
bank for R,,. equal to one-half R. 
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Figure 5-10 For the special case of 
only two branch resistances of any values 
Reg equals their product divided by the 
sum. Here, Reg = 2400/100 = 24 Q. 


Reg = 242 2 


CALCULATOR 


Formula (5-4) states a product 
over a sum. When using a 
calculator, group the R values in 
parentheses before dividing. The 
reason is that the division bar 

is a mathematical sign of 

grouping for terms to be added or 
subtracted. You must add R, + R, 
before dividing. By grouping R, 

and R, within parentheses, the 
addition will be done first before 

the division. The complete process 

is as follows. 

ultiply the R values in the 
numerator. Press the divide Œ) key 
and then the left (or opening) 
parenthesis (() key. Add the R values, 
R, + R,, and press the right (or closing) 
parenthesis | )] key. Then press the 
equal(S) key for Reg on the display. 
Using the values in Fig. 5—10 as an 
example, multiply 40 x 60; press 


divide @) and left parenthesis 
then 404)60 and the right 


parenthesis O)! Finally, press Œ) to 
display 24 as the answer. 
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Figure 5-9 For the special case of all branches having the same resistance, just divide R 
by the number of branches to find Reg. Here, Reg = 60 kQ/3 = 20 kQ. 


value of one resistance _ 60 kQ 


Reg = 


number of resistances — 3 


Special Case of Only Two Branches 


When there are two parallel resistances and they are not equal, it is usually quicker to 
calculate the combined resistance by the method shown in Fig. 5—10. This rule states 
that the combination of two parallel resistances is their product divided by their sum. 


R, XR, 


Reg = R +R, (5-4) 


where Rg is in the same units as all the individual resistances. For example, in 
Fig. 5-10, 


p. PXP _ 40 x 60 _ 2400 
eR +R, 40+60 100 
Rug = 24.2 


Each R can have any value, but there must be only two resistances. 


Short-Cut Calculations 


Figure 5—11 shows how these special rules can help reduce parallel branches 
to a simpler equivalent circuit. In Fig. 5-11a, the 60-Q R, and R, are equal and in 
parallel. Therefore, they are equivalent to the 30-Q R,, in Fig. 5-11. Similarly, the 
20-Q R, and R, are equivalent to the 10 Q of R,,. The circuit in Fig. 5-1 la is equiva- 
lent to the simpler circuit in Fig. 5-115 with just the two parallel resistances of 30 
and 10 Q. 


Figure 5-11 An example of parallel resistance calculations with four branches. 
(a) Original circuit. (b) Resistors combined into two branches. (c) Equivalent circuit reduces 
to one Reg for all the branches. 


(c) 
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GOOD TO KNOW 


For more than two resistors 
connected in parallel, the value of 
an unknown resistance can be 
calculated using the following 
formula: 


1 


RAS 
a MRa VRE 
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Finally, the combined resistance for these two equals their product divided by 
their sum, which is 300/40 or 7.5 Q, as shown in Fig. 5—1 1c. This value of Reg in 
Fig. 5—11c is equivalent to the combination of the four branches in Fig. 5-11a. If 
you connect a voltage source across either circuit, the current in the main line will 
be the same for both cases. 

The order of connections for parallel resistances does not matter in determining 
Ry. There is no question as to which is first or last because they are all across the 
same voltage source and receive their current at the same time. 


Finding an Unknown Branch Resistance 


In some cases with two parallel resistors, it is useful to be able to determine what 
size Rx to connect in parallel with a known R to obtain a required value of R,.9. Then 
the factors can be transposed as follows: 


RX Ryo 


Ry = R= Rao (5-5) 


This formula is just another way of writing Formula (5—4). 


Example 5-6 


What Rx in parallel with 40 Q will provide an Rgo of 24 Q? 


RX Ro 40x24 _ 960 
Se: KERER A 16 


Ry = 602 


This problem corresponds to the circuit shown before in Fig. 5—10. 


Note that Formula (5-5) for Ry has a product over a difference. The Rpg is sub- 
tracted because it is the smallest R. Remember that both Formulas (5—4) and (5-5) 
can be used with only two parallel branches. 


Example 5-7 


What R in parallel with 50 kQ will provide an Ry, of 25 KQ? 


ANSWER R=50kQ 


Two equal resistances in parallel have R,, equal to one-half R. 


E 5-4 Self-Review 


Answers at the end of the chapter. 


a. Find Ry for three 4.7-MQ resistances in parallel. 
Find Ry, for 3 MQ in parallel with 2 MQ. 
c. Find R,, for two parallel 20-Q resistances in parallel with 10 Q. 


157 


5-5 Conductances in Parallel 


Since conductance G is equal to 1/R, the reciprocal resistance Formula (5-3) can be 
stated for conductance as Ryo = G. where G+ is calculated as 
T 


Gi =G tG tG ete. (5—6) 


With R in ohms, G is in siemens. For the example in Fig. 5-12, G, is 1/20 = 0.05, 
G, is 1/5 = 0.2, and G; is 1/2 = 0.5. Then 


G, = 0.05 + 0.2 + 0.5 = 0.75 S 


Notice that adding the conductances does not require reciprocals. Each value of G is 
the reciprocal of R. 

The reason why parallel conductances are added directly can be illustrated by 
assuming a 1-V source across all branches. Then calculating the values of 1/R for 
the conductances gives the same values as calculating the branch currents. These 
values are added for the total J} or Gy. 

Working with G may be more convenient than working with R in parallel cir- 
cuits, since it avoids the use of the reciprocal formula for R,,. Each branch current 
is directly proportional to its conductance. This idea corresponds to the fact that 
each voltage drop in series circuits is directly proportional to each of the series resis- 
tances. An example of the currents for parallel conductances is shown in Fig. 5—13. 
Note that the branch with G of 4 S has twice as much current as the 2-S branches 
because the branch conductance is doubled. 


E 5-5 SelfReview 


Answers at the end of the chapter. 

a. If Gis 2S and G, in parallel is 4 S, calculate G,. 

b. If G, is 0.05 pS, G, is 0.2 uS, and G; is 0.5 uS, all in parallel, find G, 
and its equivalent Ryo. 

c. IfG,is 4S for a parallel circuit, how much is Ryo? 


Figure 5-12 Conductances G,, G, and G; in parallel are added for the total G4. 


Figure 5-13 Example of how parallel branch currents are directly proportional to each 
branch conductance G. 


1,=8A 


158 Chapter 5 


Parallel Circuits 


5-6 Total Power in Parallel Circuits 


Since the power dissipated in the branch resistances must come from the voltage 
source, the total power equals the sum of the individual values of power in each 
branch. This rule is illustrated in Fig. 5-14. We can also use this circuit as an 
example of applying the rules of current, voltage, and resistance for a parallel 
circuit. 

The applied 10 V is across the 10-Q R, and 5-Q R, in Fig. 5-14. The branch 
current J, then is V,/R, or 10/10, which equals 1 A. Similarly, Z, is 10/5, or 2 A. 
The total J, is 1 + 2 = 3 A. If we want to find R,,,, it equals V,/1, or 10/3, which 
is 3 1⁄2 Q. 

The power dissipated in each branch R is V, x J. In the R, branch, J, is 
10/10 = 1 A. Then P, is V, x J, or 10 x 1 = 10 W. 

For the R, branch, J, is 10/5 = 2 A. Then P, is V, x J, or 10 x 2 = 20 W. 

Adding P, and P,, the answer is 10 + 20 = 30 W. This P} is the total power dis- 
sipated in both branches. 

This value of 30 W for P, is also the total power supplied by the voltage source 
by means of its total line current /,. With this method, the total power is V, X J, or 
10 x 3 = 30 W for P,. The 30 W of power supplied by the voltage source is dissi- 
pated or used up in the branch resistances. 

It is interesting to note that in a parallel circuit, the smallest branch resistance will 


EQ? 


always dissipate the most power. Since P = is and V is the same across all parallel 


branches, a smaller value of R in the denominator will result in a larger amount of 
power dissipation. 

Also, note that in both parallel and series circuits, the sum of the individual val- 
ues of power dissipated in the circuit equals the total power generated by the source. 
This can be stated as a formula 


P =P, +P, +P, +: +ete. (5-7) 


The series or parallel connections can alter the distribution of voltage or current, 
but power is the rate at which energy is supplied. The circuit arrangement cannot 
change the fact that all the energy in the circuit comes from the source. 


E 5-6 Self-Review 
Answers at the end of the chapter. 
a. Two parallel branches each have 2 A at 120 V. How much is P,,? 
b. Three parallel branches of 10, 20, and 30 Q have 60 V applied. How 
much is P,? 
c. Two parallel branches dissipate a power of 15 W each. How much 
isP,? 


Figure 5-14 The sum of the power values P, and P, used in each branch equals the total 
power P, produced by the source. 


30 W 
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Figure 5-15 Analyzing a parallel circuit. What are the values for V, and R}? See solution 
in text. 


5-7 Analyzing Parallel Circuits 
with Random Unknowns 


For many types of problems with parallel circuits, it is useful to remember the fol- 
lowing points. 


1. When you know the voltage across one branch, this voltage is across all 
the branches. There can be only one voltage across branch points with the 
same potential difference. 

2. If you know J, and one of the branch currents /,, you can find J, by 
subtracting /, from /,. 


The circuit in Fig. 5-15 illustrates these points. The problem is to find the applied 
voltage V, and the value of R,. Of the three branch resistances, only R, and R, are 
known. However, since J, is given as 2 A, the ZR, voltage must be 2 x 60 = 120 V. 

Although the applied voltage is not given, this must also be 120 V. The voltage 
across all the parallel branches is the same 120 V that is across the R, branch. 

Now /, can be calculated as V,/R,. This is 120/30 = 4 A for 1. 

Current J, is given as 7 A. The two branches take 2 + 4 = 6 A. The third branch 
current through R, must be 7 — 6 = 1 A for J,. 

Now R, can be calculated as V, /}. This is 120/1 = 120 Q for R}. 


E 5-7 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 5-15. 
a. How much is V, across R,? 
How much is J, through R,? 
c. How much is I? 


5-8 Troubleshooting: Opens and Shorts 
in Parallel Circuits 


In a parallel circuit, the effect of an open or a short is much different from that in a 
series circuit. For example, if one branch of a parallel circuit opens, the other branch 
currents remain the same. The reason is that the other branches still have the same 
applied voltage even though one branch has effectively been removed from the cir- 
cuit. Also, if one branch of a parallel circuit becomes shorted, all branches are effec- 
tively shorted. The result is excessive current in the shorted branch and zero current 
in all other branches. In most cases, a fuse will be placed in the main line that will 
burn open (blow) when its current rating is exceeded. When the fuse blows, the 
applied voltage is removed from each of the parallel-connected branches. The effects 
of opens and shorts are examined in more detail in the following paragraphs. 
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The Effect of an Open in a Parallel Circuit 


An open in any circuit is an infinite resistance that results in no current. However, in 
parallel circuits there is a difference between an open circuit in the main line and an 
open circuit in a parallel branch. These two cases are illustrated in Fig. 5—16. In 
Fig. 5—16a, the open circuit in the main line prevents any electron flow in the line to 
all the branches. The current is zero in every branch, therefore, and none of the bulbs 
can light. 

However, in Fig. 5—16b the open is in the branch circuit for bulb 1. The open 
branch circuit has no current, then, and this bulb cannot light. The current in all the 
other parallel branches is normal, because each is connected to the voltage source. 
Therefore, the other bulbs light. 

These circuits show the advantage of wiring components in parallel. An open in 
one component opens only one branch, whereas the other parallel branches have 
their normal voltage and current. 


The Effect of a Short in a Parallel Circuit 


A short circuit has practically zero resistance. Its effect, therefore, is to allow exces- 
sive current in the shorted circuit. Consider the example in Fig. 5-17. In Fig. 5-17a, 
the circuit is normal, with 1 A in each branch and 2 A for the total line current. 
However, suppose that the conducting wire at point G accidentally makes contact 
with the wire at point H, as shown in Fig. 5—17b. Since the wire is an excellent con- 
ductor, the short circuit results in practically zero resistance between points G and 
H. These two points are connected directly across the voltage source. Since the short 
circuit provides practically no opposition to current, the applied voltage could pro- 
duce an infinitely high value of current through this current path. 


Figure 5-16 Effect of an open in a parallel circuit. (a) Open path in the main line—no current and no light for all bulbs. (b) Open path in 
any branch—bulb for that branch does not light, but the other two bulbs operate normally. 


o— x 


Open circuit 


in main line 


120-V 
source 


(b) 


Figure 5-17 Effect of a short circuit across parallel branches. (a) Normal circuit. (b) Short circuit across points G and H shorts out all 


the branches. 
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source 


Voltage R= Short 
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The Short-Circuit Current 


Practically, the amount of current is limited by the small resistance of the wire. 
Also, the source usually cannot maintain its output voltage while supplying much 
more than its rated load current. Still, the amount of current can be dangerously 
high. For instance, the short-circuit current might be more than 100 A instead of 
the normal line current of 2 A in Fig. 5-17a. Because of the short circuit, excessive 
current flows in the voltage source, in the line to the short circuit at point H, 
through the short circuit, and in the line returning to the source from G. Because of 
the large amount of current, the wires can become hot enough to ignite and burn the 
insulation covering the wire. There should be a fuse that would open if there is too 
much current in the main line because of a short circuit across any of the branches. 


The Short-Circuited Components Have No Current 


For the short circuit in Fig. 5—17b, the Zis 0 A in the parallel resistors R, and R,. The 
reason is that the short circuit is a parallel path with practically zero resistance. Then 
all the current flows in this path, bypassing the resistors R, and R,. Therefore, R, and 
R, are short-circuited or shorted out of the circuit. They cannot function without 
their normal current. If they were filament resistances of lightbulbs or heaters, they 
would not light without any current. 

The short-circuited components are not damaged, however. They do not even 
have any current passing through them. Assuming that the short circuit has not dam- 
aged the voltage source and the wiring for the circuit, the components can operate 
again when the circuit is restored to normal by removing the short circuit. 


All Parallel Branches Are Short-Circuited 


If there were only one R in Fig. 5-17 or any number of parallel components, they 
would all be shorted out by the short circuit across points G and H. Therefore, a 
short circuit across one branch in a parallel circuit shorts out all parallel branches. 

This idea also applies to a short circuit across the voltage source in any type of 
circuit. Then the entire circuit is shorted out. 


Troubleshooting Procedures for Parallel Circuits 


When a component fails in a parallel circuit, voltage, current, and resistance mea- 
surements can be made to locate the defective component. To begin our analysis, 
let’s refer to the parallel circuit in Fig. S—18a, which is normal. The individual 
branch currents /,, L, 3, and J, are calculated as follows: 


1, =iO¥ 6A 
I= Oy 4A 
1,= oY -2A 


By Kirchhoff’s current law, the total current J, equals 6 A+8A+4A+2A= 
20 A. The total current J, of 20 A is indicated by the ammeter M,, which is placed 
in the main line between points J and K. The fuse F, between points A and B in the 
main line can safely carry 20 A, since its maximum rated current is 25 A, as shown. 

Now consider the effect of an open branch between points D and I in Fig. 5-18). 
With R, open, the branch current J, is 0 A. Also, the ammeter M, shows a total cur- 
rent [, of 12 A, which is 8 A less than its normal value. This makes sense because J, 
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Figure 5-18 Parallel circuit for 
troubleshooting analysis. (a) Normal 
circuit values; (b) circuit values 

with branch R, open; (c) circuit 
values with an open between 

points D and E; (d) circuit showing 
the effects of a shorted branch. 


GOOD TO KNOW 


A fuse is a safety device that 
serves to protect the circuit 
components and wiring in the 
event of a short circuit. 
Excessive current melts the fuse 
element which blows the fuse. 
With the fuse blown, there is no 
voltage across any of the parallel 


connected branches. 
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is normally 8 A. Notice that with R, open, all other branch currents remain the same. 
This is because each branch is still connected to the applied voltage of 120 V. It is 
important to realize that voltage measurements across the individual branches 
would not help determine which branch is open because even the open branch 
between points D and I will measure 120 V. 

In most cases, the components in a parallel circuit provide a visual indication of 
failure. If a lamp burns open, it doesn’t light. If a motor opens, it stops running. In 
these cases, the defective component is easy to spot. 

In summary, here is the effect of an open branch in a parallel circuit: 


1. The current in the open branch drops to 0 A. 

2. The total current J, decreases by an amount equal to the value normally 
drawn by the now open branch. 

3. The current in all the remaining branches remains the same. 

4. The applied voltage remains present across all branches whether they are 
open or not. 


Next, let’s consider the effect of an open between two branch points such as 
points D and E in Fig. 5—18c. With an open between these two points, the current 
through branch resistors R, and R, will be 0 A. Since J, = 4 A and J, = 2 A normally, 
the total current indicated by M, will drop from 20 A to 14 A as shown. The reason 
that Z, and J, are now 0 A is that the applied voltage has effectively been removed 
from these two branches. If a voltmeter were placed across either points E and H or 
F and G, it would read 0 V. A voltmeter placed across points D and E would measure 
120 V, however. This is indicated by the voltmeter M, as shown. The reason M, 
measures 120 V between points D and E is explained as follows: Notice that the 
positive (red) lead of M, is connected through S, and F, to the positive side of the 
applied voltage. Also, the negative (black) lead of M, is connected to the top of 
resistors R, and R,. Since the voltage across R, and R, is 0 V, the negative lead of M, 
is in effect connected to the negative side of the applied voltage. In other words, M, 
is effectively connected directly across the 120-V source. 


Example 5-8 


In Fig. 5-18a, suppose that the ammeter M, reads 16 A instead of 20 A as it 
should. What could be wrong with the circuit? 


ANSWER Notice that the current J, is supposed to be 4 A. If R, is open, this 
explains why M, reads a current that is 4 A less than its normal value. To 
confirm that R, is open; open S, and disconnect the top lead of R, from point E. 
Next place an ammeter between the top of R, and point E. Now, close $. If J, 
measures 0 A, you know that R, is open. If 7, measures 4 A, you know that one 
of the other branches is drawing less current than it should. In this case, the next 
step would be to measure each of the remaining branch currents to find the 
defective component. 


Consider the circuit in Fig. 5-18d. Notice that the fuse F, is blown and the 
ammeter M, reads 0 A. Notice also that the voltage across each branch measures 
O V and the voltage across the blown fuse measures 120 V as indicated by the 
voltmeter M,. What could cause this? The most likely answer is that one of the 
parallel-connected branches has become short-circuited. This would cause 
the total current to rise well above the 25-A current rating of the fuse, thus causing 
it to blow. But how do we go about finding out which branch is shorted? There are 
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at least three different approaches. Here’s the first one: Start by opening switch S, 
and replacing the bad fuse. Next, with S, still open, disconnect all but one of the 
four parallel branches. For example, disconnect branch resistors R,, R,, and R, 
along the top (at points C, D, and E). With R, still connected, close S,. If the fuse 
blows, you know R, is shorted! If the fuse does not blow, with only R, connected, 
open S, and reconnect R, to point E. Then, close S, and see if the fuse blows. 

Repeat this procedure with branch resistors R, and R, until the shorted branch is 
identified. The shorted branch will blow the fuse when it is reconnected at the top 
(along points C, D, E, and F) with S; closed. Although this troubleshooting proce- 
dure is effective in locating the shorted branch, another fuse has been blown and this 
will cost you or the customer money. 

Here’s another approach to finding the shorted branch. Open S, and replace the 
bad fuse. Next, measure the resistance of each branch separately. It is important to 
remember that when you make resistance measurements in a parallel circuit, one end 
of each branch must be disconnected from the circuit so that the rest of the circuit 
does not affect the individual branch measurement. The branch that measures 0 Q is 
obviously the shorted branch. With this approach, another fuse will not get blown. 

Here is yet another approach that could be used to locate the shorted branch in 
Fig. 5—18d. With S, open, place an ohmmeter across points C and J. With a shorted 
branch, the ohmmeter will measure 0 Q. To determine which branch is shorted, 
remove one branch at a time until the ohmmeter shows a value other than 0 Q. The 
shorted component is located when removal of a given branch causes the ohmmeter 
to show a normal resistance. 

In summary, here is the effect of a shorted branch in a parallel circuit: 


1. The fuse in the main line will blow, resulting in zero current in the main 
line as well as in each parallel-connected branch. 

2. The voltage across each branch will equal 0 V, and the voltage across the 
blown fuse will equal the applied voltage. 

3. With power removed from the circuit, an ohmmeter will measure 0 Q 
across all the branches. 


Before leaving the topic of troubleshooting parallel circuits, one more point 
should be made about the fuse F, and the switch S, in Fig. 5-18a: The resistance 
of a good fuse and the resistance across the closed contacts of a switch are practi- 
cally 0 Q. Therefore, the voltage drop across a good fuse or a closed switch is 
approximately 0 V. This can be proven with Ohm’s law, since V=/ x R. If R=0 
Q, then V = 7 x 0 Q = 0 V. When a fuse blows or a switch opens, the resistance 
increases to such a high value that it is considered infinite. When used in the main 
line of a parallel circuit, the voltage across an open switch or a blown fuse is the 
same as the applied voltage. One way to reason this out logically is to treat all the 
parallel branches as a single equivalent resistance R,,, in series with the switch and 
fuse. The result is a simple series circuit. Then, if either the fuse or the switch 
opens, apply the rules of an open to a series circuit. As you recall from your study 
of series circuits, the voltage across an open equals the applied voltage. 


E 5-8 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 5-16b, how much voltage is across bulb 1? 
In Fig. 5-17), how much is the resistance across points G and H? 

c. In Fig. 5-18a, how much current will M, show if the wire between 
points C and D is removed? 

d. With reference to Question c, how much voltage would be measured 
across R,? Across points C and D? 

e. In Fig. 5-184, how much voltage will be measured across points A 
and B, assuming the fuse is blown? 
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Application of Parallel Circuits 


HOLIDAY LIGHTS (CONTINUED) 


In Chapter 4, Series Circuits, we examined a string of holiday 
lights with 50 incandescent bulbs. In this chapter, we will examine 
the effect of connecting one or more additional sets of lights to 
the first one. Figure 5-19a shows a second set of lights plugged 
into the receptacle-end of the first set. Each set or string 
consists of 50 incandescent bulbs. Careful examination of the 
wiring diagram shows that the individual strings of lights are 
connected in parallel. Figure 5-19b shows the equivalent circuit. 
Because the two sets of lights are in parallel, the total current, |, 
equals the sum of the individual branch currents. Recall from 
Chapter 4 that the current drawn by a string of 50 bulbs is 166.7 
mA. Therefore, the total current for two sets of lights is 333.3 
mA. If a third set of lights is added, as in Fig. 5-19c, the total 
current, /,, would be 500 mA or 0.5A. Figure 5-19d shows the 
equivalent circuit for Fig. 5-19c. Since the in-line fuses are rated 
at 3 A, more than three sets of lights can be connected together. 


Connecting too many sets of lights, however, will cause the 
fuses in the first set of lights (at the far left) to blow. 

In Fig. 5-19d, it is important to note that the fuses in the last 
string of lights, at the far right, only carry a current of 166.7 mA. 
The fuses in the middle string of lights carry a current of 
333.3 mA. The fuses in the first string, at the far left, carry 


500 mA, or 0.5 A. Notice that the total current, / 


ato 
sum of the individual branch currents. In this case, 


is equal to the 


|, = 166.7 mA + 166.7 mA + 166.7 mA 
= 500 mAor0.5A 


Figure 5-20 shows the wiring diagram for a string of holiday 
lights with 100 incandescent bulbs. Notice that all 100 bulbs are 
connected as one long string of lights. Notice, however, that at 
the middle of the string there is a wire running to the bottom 
conductor. There is also a wire that connects the top conductor 
on the plug-end to the top conductor on the receptacle-end. 
These two wires provide a parallel connection for two strings of 
ights, each with 50 bulbs. Because there are two 50-bulb strings 
in parallel, the total current, lp is 333.3 mA. Because the in-line 
fuses are rated at 3 A, several sets of lights can be connected 
together. If too many sets of lights are connected, the 3 A fuses 
in the first string will blow. (The first string is the string that is 
plugged directly into the 120 V,- outlet.) 


TROUBLESHOOTING 


t is important to realize that if an entire string of lights is out 
(dark) the other strings will still light as normal. In Fig. 5-19c, for 


Figure 5-19a Two sets of holiday lights connected together. 


Receptacle 


k 50 bulbs ——————————_>| J 


String 1 


3 A Fuses 


Receptacle 


k 50 bulbs >| | 


String 2 


Figure 5-19b Equivalent circuit of Fig. 5-19a showing the individual branch currents and total current. 


3 A Fuse 


String 1 


3 A Fuse 


166 


3 A Fuse 


-4.-4------- 4--, 
166.7 mA 


1 
1 
I 
1 
I 
1 
I 
1 
I 
I 


166.7 mA 166.7 mA String 2 


3 A Fuse 
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Figure 5-19c Three sets of holiday lights connected together. 


{+ 50 bulbs —————_ k 


120 Vac 


50 bulbs >| 


k+——— 50 bulbs —————_| 


Plug 
String 1 String 2 String 3 
Figure 5-19d Equivalent circuit for Fig. 5-1 9c showing the individual branch currents and the total current. 
3 A Fuse 3 A Fuse 3 A Fuse 
1 
I 
1 
I 
1 
I 
I 
I 
I 
I 
166.7 mA String 3 


3 A Fuse 


3 A Fuse 


example, if the middle string of lights goes out (dark), the first 
and last sets will still light. The reason why is that each string of 
lights is in parallel with the other. If one branch of a parallel 
circuit opens, the remaining branches are unaffected. This is 
because the remaining sets of lights are still connected across 
the 120 V power line. 

Also, it may seem unusual that one-half of the string of lights 
in Fig. 5-20 could be dark while the other half lights up as normal. 
This is actually a very common problem with a string of holiday 
lights with 100 bulbs. The reason this is possible, however, is that 
the wiring configuration creates a parallel circuit with two 
separate branches. In this case, each branch consists of 
50 series connected bulbs. If one branch opens, the other half 
still lights as normal. 


3 A Fuse 


f too many strings of lights are connected together, the in-line 
fuses in the first string will blow. This, of course, does not mean 
that all of the individual sets of lights connected to the first set are 
bad. It only means that the fuses blew in the first string because 
the ed the fuses’ current rating. To the 
inexperienced decorator, this can be frustrating and confusing. 

Here's one final point. When multiple sets of blinking holiday 
lights are connected together, it is important to realize that each 
ts own separate flasher unit. 


total current exceed 


individual set of lights needs i 
Otherwise, only the sets of lights having a flasher unit will blink. 
This is also true with the string of 100 bulbs, as shown in Fig. 5-20. 
Each string of 50 bulbs must have its own separate flasher unit. 
Remember, each string of lights is in parallel with the 120 V 
power line. 


Figure 5-20 String of holiday lights with 100 incandescent bulbs. Wiring connection shows two 50 bulb strings in parallel. 


[ 50 bulbs 


100 bulbs 


120 V 
) receptacle 


50 bulbs 


120 Vac 
60 Hz 


Plug 


3 A Fuses 
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Summary 


There is only one voltage V, across 
all components in parallel. 


The current in each branch /, equals 
the voltage V, across the branch 
divided by the branch resistance R,, 
or |, = VZR, 

Kirchhoff’s current law states that 
the total current 4 in a parallel 
circuit equals the sum of the 
individual branch currents. 
Expressed as an equation, 
irchhoff’s current law 

ish =h+h+h+--++etc. 

The equivalent resistance Reg of 
parallel branches is less than the 
smallest branch resistance, since all 
the branches must take more 
current from the source than any 
one branch. 


For only two parallel resistances of 
any value, Reg = R,R,/(R, + R3). 


For any number of equal parallel 
resistances, Reg is the value of 


one resistance divided by the 
number of resistances. 


For the general case of any number 
of branches, calculate Reg as Va / hy 
or use the reciprocal resistance 
formula: 


= 1 
a h + Ve. + Va te ete. 


Re 


For any number of conductances in 
parallel, their values are added for 
G,, in the same way as parallel 
branch currents are added. 


The sum of the individual values of 
power dissipated in parallel 

resistances equals the total power 
produced by the source. 


An open circuit in one branch 
results in no current through that 
branch, but the other branches can 
have their normal current. However, 
an open circuit in the main line 


results in no current for any of the 
branches. 


A short circuit has zero resistance, 
resulting in excessive current. When 
one branch is short-circuited, all 
parallel paths are also short- 
circuited. The entire current is in the 
short circuit and no current is in the 
short-circuited branches. 


The voltage across a good fuse 
and the voltage across a closed 
switch are approximately O V. 
When the fuse in the main line of a 
parallel circuit opens, the voltage 
across the fuse equals the full 
applied voltage. Likewise, when the 
switch in the main line of a parallel 
circuit opens, the voltage across the 
open switch equals the full applied 
voltage. 


Table 5-1 compares series and 
parallel circuits. 


Table 5-1 Comparison of Series and Parallel Circuits 


Series Circuit 


Parallel Circuit 


Current the same in all the components 

V across each series R is / X R 

V= V V Vo d oeo deie, 

[KS Ry tR FR t-e tete 

R, must be more than the largest individual R 

B =P P aoe d eE 

Applied voltage is divided into /R voltage drops 
The largest IR drop is across the largest series R 


Open in one component causes entire circuit 
to be open 


Important Terms 


Equivalent resistance, Reo — in a parallel 
circuit, this refers to a single 
resistance that would draw the same 
amount of current as all of the 
parallel connected branches. 
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Kirchhoff’s current law (KCL) — a law 
stating that the sum of the individual 
branch currents in a parallel circuit 
must equal the total current, /,. 


Voltage the same across all the branches 

lin each branch Ris V/R 

l= l la t lae ee, 

G =G, +G, +G +--+ etc. 

Rta must be less than the smallest branch R 
P.=P,+P,+P,+---+ eE 

Main-line current is divided into branch currents 
The largest branch / is in the smallest parallel R 


Open in one branch does not prevent / in 
other branches 


all individual branches in a parallel 


voltage, V,. The main line carries the 
total current, l+, 
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Main line — the pair of leads connecting 


circuit to the terminals of the applied 


the reciprocals of the individual 
branch resistances. 


Reciprocal resistance formula — a 
formula stating that the equivalent 
resistance, R,g, of a parallel circuit 
equals the reciprocal of the sum of 


flowing to and from the terminals of 
the voltage source. 


Parallel bank — a combination of 


parallel-connected branches. 


Related Formulas 


Va a, M _ RXR ; 
I= Re L=R> =k Reo SR FR, (R,, for only two branch resistances) 
hk=h+lh +l +- + etc. RX Reg 
R a“ RR Rea 
cg = 7 
i i G=G +G +G +--+- + etc. 
RoS RF RFRA Fe. ee eee ee 
T=] 2 el aaa Å 


Reg = R (Reg for equal branch resistances) 


Self-Test 


Answers at the back of the book. 


1. A120-kQ resistor, R,,anda 
180-kQ resistor, R,, are in parallel. 
How much is the equivalent 
resistance, Ro? 


c. In a parallel circuit, the total 
current, l, in the main line equals 
the sum of the individual branch 
currents. 


d. The equivalent resistance, R-o, of a 
parallel circuit decreases when 


c. the remaining branch currents do 
not change in value. 


d. the equivalent resistance of the 
circuit decreases. 


. Ifa 10-Q R,, 40-Q R,, and 8-Q R, 


a. 72 kQ. one or more parallel branches are arein parallel, calculate the total 
b. 300 kQ. removed from the circuit. conductance, G+, of the circuit. 
€360 k. . Two resistors, R, and R,,are in N 
d. 90 kQ. parallel with each other and a DC b. 585. 
: voltage source. If the total current, c.4Q. 
2. A100-Q resistor, R,, and a 300-Q L, in the main line equals 6 A and I, d.0.25 uS. 


resistor, R,, are in parallel across a 
DC voltage source. Which resistor 
dissipates more power? 


through R, is 4 A, how much is l, 
through R,? 


. Which of the following formulas can 


36A. be used to determine the total 
a. The 300-Q resistor. b.2A power, P,, dissipated by a parallel 
b. Both resistors dissipate the same pan circuit. 
c. 4A. 
amount of power. f a. Pr= VX l 
c. The 100-Q resistor. dis EAR be determined, b. P =P, +P +P tee etc. 
d. It cannot be determined. . How much resistance must be ip Vi 
connected in parallel with a 360-Q pn Ries 


3. Three 18-Q resistors are in parallel. 
How much is the equivalent 


resistor to obtain an equivalent 
resistance, R,q, of 


d. all of the above. 


resistance; Reo? 120 Q? 10. A 20-Q R,, 50-Q R,, and 100-Q R, 

a.54 Q. 2.360 Q. are connected in parallel. If R, is 

b.6 Q. b. 480 Q. short-circuited, what is the equiva- 
lent resistance, R.q, of the circuit? 

c. 9 Q. c. 1.8kQ. nes os 

d. none of the above. d.180Q. ASP PLORIM SEEN : 


4. Which of the following statements 
about parallel circuits is false? 


a. The voltage is the same across all 
the branches in a parallel circuit. 


b. The equivalent resistance, Reo» of a 
parallel circuit is always smaller 
than the smallest branch resistance. 


Parallel Circuits 


. If one branch of a parallel circuit 


becomes open, 


a. all remaining branch currents 
increase. 


b. the voltage across the open 
branch will be O V. 


11. 


b. infinite (oo) Q. 
¢.12.5Q. 


d. It cannot be determined. 


If the fuse in the main line of a 
parallel circuit opens, 


a. the voltage across each branch 
will be O V. 
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12. 


13. 


14. 


Es 
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b. the current in each branch will be 
zero. 


c. the current in each branch will 
increase to offset the decrease in 
total current. 


d. both a and b. 


A 100-2 R; and a150-Q R, are in 
parallel. If the current, l}, through R; 
is 24 mA, how much is the total 
current, l? 


a. 16mA. 
b. 40 mA. 
c. 9.6 mA. 


d. It cannot be determined. 


A 2.2-kQ R, is in parallel with a 3.3- 
kQ R,. If these two resistors carry a 
total current of 7.5 mA, how much is 
the applied voltage, V,? 


a. 16.5 V. 
b. 24.75 V. 
c. 99 V: 
d. 41.25 V. 


How many 120-Q resistors must be 
connected in parallel to obtain an 


15. 


16. 


17. 


EA 12, 
d. 6. 


A 220-2 R}, 2.2-kQ R,, and 200-Q 
R, are connected across 15 V of 
applied voltage. What happens to 
R.g if the applied voltage is doubled 
to 30V? 


a. Reo doubles. 
b. Reg cuts in half. 
c. Reg does not change. 


d. Reg increases but is not double its 
original value. 


If one branch of a parallel circuit 
opens, the total current, h, 


a. does not change. 
b. decreases. 
c. increases. 


d. goes to zero. 


In a normally operating parallel 
circuit, the individual branch 
currents are 


a. independent of each other. 


b. not affected by the value of the 
applied voltage. 


ivalent resist Reg, of 15 Q? 
i aaa c. larger than the total current, /,. 
a. 15. 
d. none of the above. 
b.8. 
say Questions 
Draw a wiring diagram showing three resistances 8. 


branch and the main line. 


parallel circuit. 


source to the parallel branches. 


connected in parallel across a battery. Indicate each 


State two rules for the voltage and current values in a 9. 


18. 


19. 


20. 


circuit across R3. 


Explain briefly why the current is the same in both 
sides of the main line that connects the voltage 


(a) Show how to connect three equal resistances for a 


combined equivalent resistance one-third 


one resistance. (b) Show how to connect three equal 


resistances for a combined equivalent resistance three 


times the value of one resistance. 


Explain why an open in 
branches, but an open in one branch affects only 


Give two differences be 


If the total conductance, G,, ofa 
parallel circuit is 200 4S, how much 
is Reg? 

a. 500 Q. 

b. 200 kQ. 

c. 5 kQ. 

d. 500 kQ. 


If one branch of a parallel circuit is 
short-circuited, 


a. the fuse in the main line will blow. 


b. the voltage across the short- 
circuited branch will measure the 
full value of applied voltage. 

c. all the remaining branches are 
effectively short-circuited as 
well. 


d. both a and c. 


Two lightbulbs in parallel with the 
120-V power line are rated at 60 W 
and 100 W, respectively. What is the 
equivalent resistance, R.g, of the 
bulbs when they are lit? 


a. 144Q. 
b.90 Q. 
c.213.3Q. 


d. It cannot be determined. 


Redraw Fig. 5-17 with five parallel resistors R, to R; and 
explain why they all would be shorted out with a short 


State briefly why the total power equals the sum of 
the individual values of power, whether a series 
circuit or a parallel circuit is used. 


the main line disables all the 


tween an open circuit and a 


List as many differences as you can in comparing 


series circuits with parallel circuits. 


Why can the current in parallel branches be different 


when 


they all have the same applied voltage? 


Why are household appliances connected to the 


120-V power line in parallel instead of in series? 


Why does the current increase in the voltage source 


as more parallel branches are added to the circuit? 


Show how the formula 
Req = R,R/(R, + R) 


is derived from the reciprocal formula 


Give one advantage and one disadvantage of 


parallel connections. 


10. 
that branch current. 
the value of 11. 
short circuit. 
12. 
13. 
14. 
15. 


A 5-Q and a 10-Q resistor are in parallel across a DC 


voltage source. Which resistor will dissipate more 
power? Provide proof with your answer. 
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Problems 


SECTION 5-1 THE APPLIED VOLTAGE V, IS THE 5-9 In Fig. 5-23, solve for the branch currents h, h, h, 

SAME ACROSS PARALLEL BRANCHES and l4. 

5-1 In Fig. 5-21, how much voltage is across points 
a. A and B? 
b Cand D? Figure 5-23 
c. E and F? 
d. G and H? 


Figure 5-21 


5-10 Recalculate the values for h, h, h, and I, in Fig. 5-23 if 
the applied voltage, V,, is reduced to 51 V. 


SECTION 5-3 KIRCHHOFF’S CURRENT LAW (KCL) 
5-11 In Fig. 5-21, solve for the total current, l4. 


5-2 In Fig. 5-21, how much voltage is across 5-12 In Fig. 5—21 re-solve for the total current, ly „if 
a. the terminals of the voltage source? a 10-Q resistor, R, is added across points G and H. 
b. Rye 5-13 In Fig. 5—22, solve for the total current, l+. 
c. R? 

5-3 In Fig. 5—21, how much voltage will be measured across 5-14 In Fig. 5-22, re-solve for the total current, l+, if R, is 
points C and Dif R, is removed from the circuit? removed from the circuit. 


5-15 In Fig. 5-23, solve for the total current, l+. 


V, 
SECTION 5-2 EACH BRANCH /EQUALS TP 5-16 In Fig. 5-23, re-solve for the total current, /,, if V, is 
5-4 In Fig. 5-21, solve for the branch currents, /, and h. reduced to 51 V. 


5-5 In Fig. 5—21 , explain why /, is double the value of /,. 5-17 In Fig. 5-24, solve for h, l, l, and ly. 


5-6 In Fig. 5-21, assume a 10-Q resistor, R}, is added 
across points G and H. 


Figure 5-24 


a. Calculate the branch current, l. 


b. Explain how the branch currents, /, and /, are affected 
by the addition of R3. 


5-7 In Fig. 5—22, solve for the branch currents /,,/,, and h. 


Figure 5-22 


5-18 In Fig. 5-24, how much is the current in the wire 
between points 


a. A and B? 
b. B and C? 
. C and D? 


c 

5-8 In Fig. 5—22, do the branch currents /, and /, remain the d. E and F? 
e 
f. 


same if R, is removed from the circuit? Explain your . F and C? 


answer, . Gand H? 
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5-19 In Fig. 5-24, assume that a 100-Q resistor, R,, is added 5-26 In Fig. 5—22, solve for Reo. 
to the right of resistor, R}. How much is the current in 
the wire between points 5-27 In Fig. 5—22, re-solve for Reg if R, is removed from the 
dAdo circuit. 
b. B and C? 5-28 In Fig. 5—23, solve for Reg. 
c. C and D? _ ee 
d E and F? 5-29 In Fig. 5-23, re-solve for Reg if V, is reduced to 51 V. 
e. F and G? 5-30 In Fig. 5-24, solve for Reo. 
f. G and H? 7 
5-31 In Fig. 5-25, solve for Reo- 
5-20 In Fig. 5-25, solve for /,, h, l, and 4. o 
5-32 In Fig. 5—26, solve for Reo- 


Figure 5-25 5-33 In Fig. 5-27, how much is Reg if R, = 100 Q and 
R, = 25 Q? 


Figure 5-27 
Rea R, 
5-21 In Fig. 5-25, how much is the current in the wire 
between points 
a. A and B? 
b. Band C? 5-34 In Fig. 5-27, how much is Reg if R; = 1.5 MQ 
and R, = 1 MQ? 
c. Cand D? 
d. E and F? 5-35 In Fig. 5-27, how much is Reg if R, = 2.2 kQ 
akanda? and R, = 220 Q? 
f. G and H? 5-36 In Fig. 5-27, how much is Reg if R, = R, = 10 kQ? 
g. G and I? 
h. B and J? 5-37 In Fig. 5-27, how much resistance, R,, must be 
f i connected in parallel with a 750 Q R, to obtain an Reo of 
5-22 In Fig. 5-26, apply Kirchhoff’s current law to solve for 500 Q2? 
th k Elas = 
Sonesta 5-38 In Fig. 5-27, how much resistance, R,, must be connected 
in parallel with a 6.8 kQ R, to obtain an Reo of 1.02 kQ? 


Figure 5-26 5-39 How much is Ryo in Fig. 5-28 if R, = 1 kQ, R, = 4 kQ, 
R, = 200 Q, and R, = 240 Q? 


Figure 5-28 


1,=60mA 
Req R, 
5-23 Two resistors R, and R, are in parallel with each other 
and a DC voltage source. How much is / through R; if 
1 = 150 mA and /, through R, is 60 mA? 


SECTION 5-4 RESISTANCES IN PARALLEL 5-40 How much is Reg in Fig. 5-28 if R, = 5.6 KQ, R, = 4.7 kQ, 


5-24 In Fig. 5—21 , solve for Reg. R, = 8.2 kQ, and R, = 2.7 kQ? 
5-25 In Fig. 5—21 , re-solve for Reg if a 10-Q resistor, R, is 5-41 How much is Reg in Fig. 5-28 if R, = 1.5 kQ, 
added across points G and H. R= 1 kQ, R; = 1.8 kQ, and R, = 150 Q? 


172 Chapter 5 


R, 


5-42 How much is Reg in Fig. 5-28 if R = R =R= R, = 
2.2 kQ? 


5-43 A technician is using an ohmmeter to measure a variety 
of different resistor values. Assume the technician has a 
body resistance of 750 kQ. How much resistance will 
the ohmmeter read if the fingers of the technician touch 
the leads of the ohmmeter when measuring the 
following resistors: 


a. 270 Q. 
b. 390 kQ. 
c. 2.2 MQ. 
d. 1.5 kQ. 
e. 10 kQ. 


SECTION 5-5 CONDUCTANCES IN PARALLEL 
5-44 In Fig. 5-29, solve for G,, G, G3, G+, and Reo. 


Figure 5-29 
G, R,= 2002 
Reg G, 


5-45 In Fig. 5—30, solve for G,, G5, G3, G,, Gy, and Rea. 


Figure 5-30 


G, R,= 1002 
EQ G, 


5-46 Find the total conductance, G, for the following branch 
conductances; G, = 1 mS, G, = 200 pS, and G, = 
1.8 mS. How much is Reg? 


5-47 Find the total conductance, G; for the following branch 
conductances; G, = 100 mS, G, = 66.67 mS, 
G; = 250 mS, and G, = 83.33 mS. How much is Reg? 


SECTION 5-6 TOTAL POWER IN PARALLEL 
CIRCUITS 


5-48 In Fig. 5—22, solve for P}, P>, P3, and Py. 


5-49 In Fig. 5-23, solve for P,, P>, Pa, P4, and P}. 


Fig. 5-24, solve for P}, P>, P3, and P}. 


5-51 In Fig. 5—25, solve for P}, P>, P3, and Py. 


5-52 In Fig. 5—26, solve for P,, Pa, P;, Pa, and Py. 
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SECTION 5-7 ANALYZING PARALLEL CIRCUITS 
WITH RANDOM UNKNOWNS 
5-53 In Fig. 5-31, solve for Va, Ry, h, Req, Pas Pa, and Pr. 


Figure 5-31 


R, = 1202 


5-54 In Fig. 5-32, solve for Va, h, h, Ro, I, Po, and P}. 


Figure 5-32 


5-55 In Fig. 5-33, solve for R3, Vy hs l» h, Pas Po, P>, and Pr. 


Figure 5-33 


5-56 In Fig. 5-34, solve for h, h, la, Ri, Ro, Rs, Po, P3, and P}. 


Figure 5-34 


5-57 In Fig. 5-35, solve for h, h, h, 14, Rg, Ry, Py, Po, Ps, Px, and Pr. 


Figure 5-35 


= 
36V + 
Reg = = 
360 Q 


Dd 


173 


5-58 In Fig. 5-36, solve for Vy, h, l, Ro, R3, l4, and Reo. 


Figure 5-36 


M2 


5-59 In Fig. 5-37, solve for Vy, h, h» 14, Rp Ra» and Reo. 


Figure 5-37 


Critical Thinking 


5-61 A 180-Q,⁄4-W resistor is in parallel with 1-kQ, ⁄2-W and 
12-kQ, 2-W resistors. What is the maximum total 
current, /,, that this parallel combination can have 
before the wattage rating of any resistor is exceeded? 


5-62 A 470-Q,'/s-W resistor is in parallel with 1-kQ %-W and 
1.5-kQ, %-W resistors. What is the maximum voltage, V, 
that can be applied to this circuit without exceeding the 
wattage rating of any resistor? 


5-63 Three resistors in parallel have a combined equivalent 
resistance Reg of 1 kQ. If R, is twice the value of R, and 


Troubleshooting Challenge 


SECTION 5-8 TROUBLESHOOTING: OPENS AND 
SHORTS IN PARALLEL CIRCUITS 

5-60 Figure 5-38 shows a parallel circuit with its 

normal operating voltages and currents. Notice 
that the fuse in the main line has a 25-A rating. 
What happens to the circuit components and their 
voltages and currents if 
a. the appliance in Branch 3 shorts? 


b. the motor in Branch 2 burns out and becomes an 
open? 


c. the wire between points C and E develops an 
open? 


d. the motor in Branch 2 develops a problem and begins 
drawing 16 A of current? 


Figure 5-38 


A Fuse, F, c E G 


Branch 3 


120 Vac 


Power-line 
voltage 
100-W 
lightbulb I,=10A 


1, = 0.833 A 


three times the value of R,, what are the values for R,, 
R,, and R,? 


5-64 Three resistors in parallel have a combined equivalent 
resistance R-, of 4 Q. If the conductance, G}, is one- 
fourth that of G, and one-fifth that of C}, what are the 
values of R}, R», and R? 


5-65 A voltage source is connected in parallel across four 
resistors R}, R», R>, and R,. The currents are labeled 4, h, 
/,, and l4, respectively. If /, = 24, l, = 2/,, and /, = 2h, 
calculate the values for R,, Rj, R3, and R, if Rea = 1 kQ. 


Figure 5-39 shows a parallel circuit with its normal operating voltages and currents. Notice the placement of the meters M}, M», 
and M; in the circuit. M, measures the total current /;, M, measures the applied voltage V,, and M, measures the current between 


points C and D. The following problems deal with troubleshooting the parallel circuit in Fig. 5-39. 


5-66 If M, measures 2.8 A, M, measures 36 V, and M, 
measures 1.8 A, which component has most likely 
failed? How is the component defective? 


5-67 |f M, measures 2.5 A, M, measures 36 V, and M, 
measures OA, what is most likely wrong? How could you 
isolate the trouble by making voltage measurements? 


5-68 If M, measures 3.3 A, M, measures 36 V, and M, 
measures 1.8 A, which component has most likely 
failed? How is the component defective? 
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5-69 If the fuse F is blown, (a) How much current will be 
measured by M, and M? (b) How much voltage will be 
measured by M? (c) How much voltage will be measured 
across the blown fuse? (d) What is most likely to have 
caused the blown fuse? (e) Using resistance measurements, 
outline a procedure for finding the defective component. 


5-70 If M, and M, measure OA but M, measures 36 V, what is 
most likely wrong? How could you isolate the trouble by 
making voltage measurements? 
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Figure 5-39 Circuit diagram for troubleshooting challenge. Normal values for /,, h, /,,and l, are shown on schematic. 


5-71 |f the fuse F, has blown because of a shorted branch, 
how much resistance would be measured across points 
B and I? Without using resistance measurements, how 


could the shorted branch be identified? 


5-72 If the wire connecting points F and G opens, (a) How 
much current will M, show? (b) How much voltage 
would be measured across R,? (c) How much voltage 
would be measured across points D and E? (d) How 
much voltage would be measured across points F 


and G? 


Answers to Self-Reviews 5-1 


5-3 


Parallel Circuits 


a. 1.5V 
b. 120V 
c. two each 
a. 10V 

b. 1A 

c. 10V 

d. 2A 

a. 6A 

b. 3A 

c 12A 
a. 1.57 MQ 
b. 1.2 MQ 
c. 52 


5-73 Assuming that the circuit is operating normally, how 


much voltage would be measured across, (a) the 


(b) t 


e switch S,? 


fuse F,; 


5-74 If the branch resistor R, opens, (a) How much voltage 
would be measured across R3? (b) How much current 


would be indicated by M, and M,? 


5-75 If the wire between points B and C breaks open, (a) How 
much current will be measured by M, and M,? (b) How much 
voltage would be measured across points B and C? (c) How 
much voltage will be measured across points C and H? 


o o 


pansy 


« OS 
. 0.75 4S, 1.33 MQ 
. 0.25 MQ 


. 480 W 
. 660 W 
. 30W 


. 120V 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the 
characteristics of a simple parallel circuit. You will also calculate 
and measure the equivalent resistance, R-o, of parallel 
connected resistors. 


Equipment: Obtain the following items from your instructor. 


+ Variable dc power supply 
- Assortment of carbon-film resistors 
- DMM 


Parallel Circuit Characteristics 


Examine the parallel circuit in Fig. 5—40. Calculate and record 
the following values: 


h= „h= „h= = s Rea = 


Construct the parallel circuit in Fig. 5-40. Measure and record 
the following values. (Note that the power supply connections 
must be removed to measure Req.) 


L= Ls = = Reg = 


How does the ratio /, //, compare to the ratio R,/R,? 
What is unique about comparing these ratios? 


Add the measured branch currents /,, h, and l. Record your 


answer. 


How does this value compare to the measured value of 4? 


Does the sum of these individual branch currents satisfy KCL? 


In Fig. 5—40, which branch resistance dissipates the most power? 


Which branch resistance dissipates the least amount of power? 


Parallel Circuit Analysis 

In Fig. 5-40, add another 1.2 kQ resistor, R,, to the right of 
resistor R,. Measure and record the total Sneak, (ee 
Next, calculate the equivalent resistance, Ro» using the 
equation Reo = Vle Rea = Did the value of 


Ro increase or decrease from its original value? 


Figure 5-40 
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Explain why. 


Now remove both R, and R, from the circuit. Measure and record 
the total current, If Recalculate the equivalent resistance, Rae as 
Vs Ro = Did Ro increase or decrease from its 

original value? Explain why. 


Connect a 3.3 kQ resistor, R}, and a 330 Q resistor, R,, in parallel 
as shown in Fig. 5—41. Calculate and record the equivalent 
resistance, Rep using equation 5—4 (product over the sum). 
Ra~ Using e digital multimeter (DMM), measure 
and record the value of R,,. Reo = 


Connect another 150 Q resistor, R,, in parallel with R, 

and R, in Fig. 5-41. Calculate and record the equivalent 

using equation 5-3 (the reciprocal formula). 
Using a DMM, measure and record the 


resistance, RE. 
Reg = 
value of Reo: Reg = 


Connect four 1 kQ resistors in parallel as shown Fig. 5—42. 
Calculate and record the equivalent resistance, Ro 

Ra =—_______ Using a DMM, measure and record 

the value of Reo: Reo = 


When calculating the value of R,,, for equal resistances in 
parallel, which formula is the easiest to use? 


Examine the circuit in Fig. 5-43. Determine what value of 
resistance, R,, in parallel with a 1.2 kQ R will provide an R,, 

of 720 Q. (Use equation 5-5) R, = Connect your 
calculated value of R, across the 1.2 kQ Rin Fig. 5—43. Using a 
DMM, measure and eee the value of Reo: Rea = 


Connect a 1 kQ resistor, R,, and a 10 Q resistor, R,, in parallel as 
in Fig. 5—44. Measure andl record the value of Reo: Reo = ———— 
Remove the 10 Q R, from the circuit and replace it with a 100 kQ 
resistor. Re-measure Reo: Reo = . Explain the 


gnificance of the measurements in Fig. 5—44. 


a 
Q 


Figure 5-41 


R,=330 Q R, 
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Figure 5-42 


RZ1KQ 


Figure 5-43 Figure 5-44 


Ra =720Q R=1.2 kQ Ry R R,=1kQ R,=102 


Design credit Multisim: ©Stockbyte/Getty Images 
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chapter 


Series-Parallel 
Circuits 


A circuit, also called a combination circuit, is any circuit that 
combines both series and parallel connections. Although many applications 
exist for series or parallel circuits alone, most electronic circuits are actually a 
combination of the two. In general, series-parallel or combination circuits are used 
when it is necessary to obtain different voltage and current values from a single 
supply voltage, V,. When analyzing combination circuits, the individual laws of series 
and parallel circuits can be applied to produce a much simpler overall circuit. 


In this chapter, you will be presented with several different series-parallel 
combinations. For each type of combination circuit shown, you will learn how to 
solve for the unknown values of voltage, current, and resistance. You will also learn 
about a special circuit called the Wheatstone bridge. As you will see, this circuit 
has several very interesting applications in electronics. And finally, you will learn 
how to troubleshoot a series-parallel circuit containing both open and shorted 
components. E 


© Chapter Outline 


6-1 
6-2 
6-3 
6-4 


Finding R, for Series-Parallel Resistances 
Resistance Strings in Parallel 


Resistance Banks in Series 


Resistance Banks and Strings in 
Series-Parallel 


6-5 


6-6 
6-7 


Analyzing Series-Parallel Circuits 
with Random Unknowns 


The Wheatstone Bridge 


Troubleshooting: Opens and Shorts 
in Series-Parallel Circuits 


[chapter objectives 


After studying this chapter, you should be able to 


Determine the total resistance of a series- 
parallel circuit. 


Calculate the voltage, current, resistance, 
and power in a series-parallel circuit. 


Calculate the voltage, current, resistance, 
and power in a series-parallel circuit having 
random unknowns. 


Explain how a Wheatstone bridge can be 
used to determine the value of an unknown 
resistor. 


List other applications of balanced bridge 
circuits. 


Describe the effects of opens and shorts in 
series-parallel circuits. 


Troubleshoot series-parallel circuits 
containing opens and shorts. 


bala 


banks in series 


nced bridge ratio arm 


standard resistor 


strings in parallel 
Wheatstone bridge 


Series-Parall 


el Circuits 
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6-1 Finding R, for Series-Parallel 
Resistances 


In Fig. 6-1, R, is in series with R,. Also, R, is in parallel with R,. However, R, is not 
in series with either R, or R,. The reason is that the current through R, is equal to the 
sum of the branch currents J, and [, flowing into and away from point A (see 
Fig. 6-15). As a result, the current through R, must be less than the current through 
R,. Therefore, R, and R, cannot be in series because they do not have the same cur- 
rent. For the same reason, R, also cannot be in series with R,. However, because the 
current in R, and R, is the same as the current flowing to and from the terminals of 
the voltage source, R,, R,, and V; are in series. 


The wiring is shown in Fig. 6—1a and the schematic diagram in Fig. 6-1b. To 
GOOD TO KNOW find Ry, we add the series resistances and combine the parallel resistances. 
Most electronic circuitry In Fig. 6-1c, the 0.5-kQ R, and 0.5-kQ R, in series total 1 KQ for R,_,. The calcu- 


consists of a combination of lations are 


series and parallel connections. 0.5 KQ + 0.5 kQ = 1 kQ 


Also, the 1-kQ R, in parallel with the 1-kQ R, can be combined, for an equivalent 
resistance of 0.5 KQ for R,_,, as in Fig. 6-1d. The calculations are 


Hez 0.5 KQ 


Figure 6-1 Example of a series-parallel circuit. (a) Wiring of a series-parallel circuit. (b) Schematic diagram of a series- 
parallel circuit. (c) Schematic with R, and R, in series added for R}. (d) Schematic with R, and R, in parallel combined for R3_,. (e) Axial-lead 
resistors assembled on a lab prototype board to form the series-parallel circuit shown in part c. 


(b) 


(c) (a) (e) 
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This parallel R, , combination of 0.5 KQ is then added to the series R,_, combina- 
tion for the final R, value of 1.5 KQ. The calculations are 


0.5 KQ + 1 KQ = 1.5 KQ 


The 1.5 KQ is the R, of the entire circuit connected across the V} of 1.5 V. 

With R, known to be 1.5 kQ, we can find 7, in the main line produced by 1.5 V. 
Then 
Vr 15V 


L=— 


Ro 


This 1-mA J, is the current through resistors R, and R, in Fig. 6-la and b or R,_, in 
Fig. 6-Ic. 

At branch point B, at the bottom of the diagram in Fig. 6-1b, the 1 mA of elec- 
tron flow for J, divides into two branch currents for R, and R,. Since these two 
branch resistances are equal, /, divides into two equal parts of 0.5 mA each. At 
branch point A at the top of the diagram, the two 0.5-mA branch currents combine 
to equal the 1-mA J, in the main line, returning to the source V}. 

Figure 6—le shows axial-lead resistors assembled on a lab prototype board to 
form the series-parallel circuit shown in part c. 


E 6-1 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 6—-1b. 
a. Calculate the series R of R, and R, 
Calculate the parallel R of R, and R,. 
c. Calculate R, across the source V}. 


6-2 Resistance Strings in Parallel 


More details about the voltages and currents in a series-parallel circuit are illus- 
trated in Fig. 6-2, which shows two identical series strings in parallel. Suppose 
that four 120-V, 100-W lightbulbs are to be wired with a voltage source that pro- 
duces 240 V. Each bulb needs 120 V for normal brilliance. If the bulbs were con- 
nected directly across the source, each would have the applied voltage of 240 V. 
This would cause excessive current in all the bulbs that could result in burned-out 
filaments. 

If the four bulbs were connected in series, each would have a potential difference 
of 60 V, or one-fourth the applied voltage. With too low a voltage, there would be 
insufficient current for normal operation, and the bulbs would not operate at normal 
brilliance. 


Figure 6-2 Two identical series strings in parallel. All bulbs have a 120-V, 100-W rating. (a) Wiring diagram. (b) Schematic diagram. 


Series-Parallel Circuits 


String 1 
(a) 


R 


, R 
V, =120 V 


3 
V3 =120V 


V, = 240 V 


Ry R, 
V, =120 V V, =120 V 


String 2 String 1 String 2 
(b) 
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Figure 6-3 Series string in parallel with another branch. (a) Schematic diagram. (b) Equivalent circuit. 


Branch 1 


GOOD TO KNOW 


When a parallel branch contains 
series resistors, both resistors 
have the same current but the 
individual resistor voltage drops 
will be less than the voltage 
applied across the entire branch. 
The individual resistor voltage 
drops add, however, to equal the 


voltage applied across the branch. 
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Branch 2 Branch 1 Branch 2 


However, two bulbs in series across the 240-V line provide 120 V for each fila- 
ment, which is the normal operating voltage. Therefore, the four bulbs are wired in 
strings of two in series, with the two strings in parallel across the 240-V source. 
Both strings have 240 V applied. In each string, two series bulbs divide the 240 V 
equally to provide the required 120 V for normal operation. 

Another example is illustrated in Fig. 6-3. This circuit has just two parallel 
branches. One branch includes R, in series with R,. The other branch has just the one 
resistance R,. Ohm’s law can be applied to each branch. 


Branch Currents /, and /, 


In Fig. 6—3a, each branch current equals the voltage applied across the branch divided 
by the total resistance in the branch. In branch 1, R, and R, total 8 + 4 = 12 Q. 
With 12 V applied, this branch current J, is 12/12 = 1 A. Branch 2 has only the 
6-Q R,. Then J, in this branch is 12/6 = 2 A. 


Series Voltage Drops in a Branch 


For any one resistance in a string, the current in the string multiplied by the resis- 
tance equals the JR voltage drop across that particular resistance. Also, the sum of 
the series ZR drops in the string equals the voltage across the entire string. 

Branch | is a string with R, and R, in series. The /,R, drop equals 8 V, whereas 
the /,R, drop is 4 V. These drops of 8 and 4 V add to equal the 12 V applied. The 
voltage across the R, branch is also the same 12 V. 


Calculating /, 


The total line current equals the sum of the branch currents for all parallel strings. 
Here J, is 3 A, equal to the sum of 1 A in branch 1 and 2 A in branch 2. 


Calculating R, 


The resistance of the total series-parallel circuit across the voltage source equals 
the applied voltage divided by the total line current. In Fig. 6-3a, R, = 12 V/3 A, 
or 4 Q. This resistance can also be calculated as 12 Q in parallel with 6 Q. 
Figure 6—3b shows the equivalent circuit. Using the product divided by the sum 
formula, 72/18 = 4 Q for the equivalent combined R,. 


Applying Ohm’s Law 


There can be any number of parallel strings and more than two series resistances in 
a string. Still, Ohm’s law can be used in the same way for the series and parallel 
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GOOD TO KNOW 


When a parallel bank exists in a 
series path, both resistors have 
the same voltage but the 
individual branch currents are 
less than the series current. The 
branch currents add, however, to 
equal the series current entering 


and leaving the parallel bank. 


parts of the circuit. The series parts have the same current. The parallel parts have 
the same voltage. Remember that for V/R the R must include all the resistance 
across the two terminals of V. 


M 6-2 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 6—3a. 
a. How much is the voltage across R,? 
If I in R, were 6 A, what would J in R, be? 
c. Ifthe source voltage were 18 V, what would V, be across R,? 


6-3 Resistance Banks in Series 


In Fig. 64a, the group of parallel resistances R, and R, is a bank. This is in series 
with R, because the total current of the bank must go through R,. 

The circuit here has R, and R, in parallel in one bank so that these two resistances 
will have the same potential difference of 20 V across them. The source applies 
24 V, but there is a 4-V drop across R}. 

The two series voltage drops of 4 V across R, and 20 V across the bank add to 
equal the applied voltage of 24 V. The purpose of a circuit like this is to provide the 
same voltage for two or more resistances in a bank, where the bank voltage must be 
less than the applied voltage by the amount of the IR drop across any series 
resistance. 

To find the resistance of the entire circuit, combine the parallel resistances in 
each bank and add the series resistance. As shown in Fig. 6—4b, the two 10-Q 
resistances, R, and R, in parallel, are equivalent to 5 Q. Since the bank resistance of 
5 Q is in series with 1 Q for R,, the total resistance is 6 Q across the 24-V source. 
Therefore, the main-line current is 24 V/6 Q, which equals 4 A. 

The total line current of 4 A divides into two parts of 2 A each in the parallel 
resistances R, and R}. Note that each branch current equals the bank voltage divided 
by the branch resistance. For this bank, 20/10 = 2 A for each branch. 

The branch currents, J, and Z, are combined in the main line to provide the total 
4 Ain R.. This is the same total current flowing in the main line, in the source, into 
the bank, and out of the bank. 

There can be more than two parallel resistances in a bank and any number of 
banks in series. Still, Ohm’s law can be applied in the same way to the series and 
parallel parts of the circuit. The general procedure for circuits of this type is to find 
the equivalent resistance of each bank and then add all series resistances. 


Figure 6-4 Parallel bank of R, and R, in series with R}. (a) Original circuit. (b) Equivalent circuit. 


VY,=4V 
R,=12 


(a) 
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(b) 
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E 6-3 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 6—4a. 

If V, across R, were 40 V, what would V, across R, be? 
If I in R, were 4 A, with 4 A in R,, what would J in R, be? 
c. How much is V, across R, in Fig. 6-4b? 


SP 


6-4 Resistance Banks and Strings 
in Series-Parallel 


In the solution of such circuits, the most important fact to know is which compo- 
nents are in series with each other and which parts of the circuit are parallel branches. 
The series components must be in one current path without any branch points. A 
branch point such as point A or B in Fig. 6-5 is common to two or more current 
paths. For instance, R, and R, are not in series with each other. They do not have the 
same current because the current through R, equals the sum of the branch currents, 
I, and J,, flowing into and away from point A. Similarly, R, is not in series with R, 
because of the branch point B. 

To find the currents and voltages in Fig. 6-5, first find R, to calculate the main- 
line current J, as V,,/R,. In calculating R,, start reducing the branch farthest from the 
source and work toward the applied voltage. The reason for following this order is 
that you cannot tell how much resistance is in series with R, and R, until the parallel 
branches are reduced to their equivalent resistance. If no source voltage is shown, Ry 
can still be calculated from the outside in toward the open terminals where a source 
would be connected. 


Figure 6-5 Reducing a series-parallel circuit to an equivalent series circuit to find the R,. (a) Actual circuit. (b) R and R, in 
parallel combined for the equivalent R,. (c) R, and R; in series added for R43. (d) R;; and R, in parallel combined for Rj. (e) The Rig, R,, and R, in 
series are added for the total resistance of 50 Q for R. 


R= R= R = Rs = 
15 Q 4Q 15 Q 4Q 


R,= 
15 Q 
A 
30V 
V- iy R 
TS 1 T= 
100 V 104 5Q 100 V 
60V 
B 
g= 
30 Q 
(c) (a) (e) 
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GOOD TO KNOW 


An equation for the total 
resistance, R in Fig. 6-5a 


would be: 
Rr=R, + [Rs |(Re A R3|IR4)] +R, 


The vertical bars (||) represent a 


parallel connection. 
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To calculate R, in Fig. 6-5, the steps are as follows: 


1. The bank of the 12-Q R, and 12-Q R, in parallel in Fig. 6-5a is equal to 
the 6-Q R, in Fig. 6-5b. 

2. The 6-Q R, and 4-Q R, in series in the same current path total 10 Q for 
R,, in Fig. 6—-Se. 

3. The 10-Q R, is in parallel with the 10-Q R., across the branch points A 
and B. Their equivalent resistance, then, is the 5-Q R, in Fig. 6-5d. 

4. Now the circuit in Fig. 6—Sd has just the 15-Q R,, 5-Q R,., and 30-Q R, in 
series. These resistances total 50 Q for R,, as shown in Fig. 6—5e. 

5. With a 50-Q R, across the 100-V source, the line current J, is equal to 
100/50 =2 A. 


To see the individual currents and voltages, we can use the /, of 2 A for the equiva- 
lent circuit in Fig. 6-5d. Now we work from the source V out toward the branches. 
The reason is that 7, can be used to find the voltage drops in the main line. The ZR 
voltage drops here are 


V, =1,R, =2x15=30V 
Vig =1p Ry =2X5 =10V 
V, =1,R, =2x30=60V 


The 10-V drop across R,, is actually the potential difference between branch 
points A and B. This means 10 V across R, and R,, in Fig. 6-5c. The 10 V produces 
1 A in the 10-Q R, branch. The same 10 V is also across the R,, branch. 

Remember that the R,, branch is actually the string of R, in series with the R,-R, 
bank. Since this branch resistance is 10 Q with 10 V across it, the branch current 
here is 1 A. The 1 A through the 4 Q of R, produces a voltage drop of 4 V. The 
remaining 6-V ZR drop is across the R,—-R, bank. With 6 V across the 12-Q R,, its 
current is ¥2 A; the current is also 1⁄2 A in R,. 

Tracing all the current paths from the voltage source in Fig. 6-5a, the main-line 
current, /,, through R, and R, is 2 A. The 2-A J, flowing into point B subdivides 
into two separate branch currents: | A of the 2-A /, flows up through resistor, R,. 
The other 1 A flows into the branch containing resistors R}, R,, and R,. Because 
resistors R, and R, are in parallel, the 1-A branch current subdivides further into 
Y2 A for J, and % A for J,. The currents J, and J, recombine to flow up through 
resistor R, At the branch point A, /; and J, combine resulting in the 2-A total 
current, /,, flowing through R, back to the positive terminal of the voltage source. 


E 6-4 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 6—-5a. 
a. Which R is in series with R,? 
. Which R is in parallel with R,? 
c. Which R is in series with the R, R, bank? 


6-5 Analyzing Series-Parallel Circuits 
with Random Unknowns 


The circuits in Figs. 6-6 to 6-9 will be solved now. The following principles are 
illustrated: 


1. With parallel strings across the main line, the branch currents and Z, can 
be found without R, (see Figs. 6—6 and 6-7). 

2. When parallel strings have series resistance in the main line, R, must be 
calculated to find /,, assuming no branch currents are known (see Fig. 6-9). 
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Figure 6-6 Finding all currents and voltages by calculating the branch currents first. 
See text for solution. 


3. The source voltage is applied across the R, of the entire circuit, producing 
an J, that flows only in the main line. 

4. Any individual series R has its own JR drop that must be less than the total 
V In addition, any individual branch current must be less than J,. 


Solution for Figure 6—6 


The problem here is to calculate the branch currents /, and Z, ,, total line current Zy, 
and the voltage drops V,, V;, and V}. This order will be used for the calculations 
because we can find the branch currents from the 90 V across the known branch 
resistances. 

In the 30-Q branch of R,, the branch current is 90/30 = 3 A for /,. The other 
branch resistance, with a 20-Q R, and a 25-Q R,, totals 45 Q. This branch current 
then is 90/45 = 2 A for J, ,. In the main line, Zp is 3 A + 2 A, which is equal to 5 A. 

For the branch voltages, V, must be the same as V,, equal to 90 V, or V, = J, R, 
which is 3 x 30 = 90 V. 

In the other branch, the 2-A Z, , flows through the 20-Q R, and the 25-Q R}. 
Therefore, V, is 2 x 20 = 40 V. Also, V; is 2 x 25 = 50 V. Note that these 40-V and 
50-V series ZR drops in one branch add to equal the 90-V source. 

If we want to know R,, it can be calculated as V,//;. Then 90 V/5 A equals 18 Q. 
Or R, can be calculated by combining the branch resistances of 30 Q in parallel with 
45 Q. Then, using the product-divided-by-sum formula, R, is (30 x 45)/(30 + 45) 
or 1350/75, which equals the same value of 18 Q for Ry. 


Solution for Figure 6—7 


To find the applied voltage first, the Z, branch current is given. This 3-A current 
through the 10-Q R, produces a 30-V drop V, across R,. The same 3-A current through 
the 20-Q R, produces 60 V for V, across R,. The 30-V and 60-V drops are in series 


Figure 6-7 Finding the applied voltage V, and then V, and R, from /, and the branch 
voltages. See text for calculations. 
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Figure 6-8 Finding R, in the parallel 
bank and its /,. See text for solution. 
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with each other across the applied voltage. Therefore, V, equals the sum of 30 + 60, 
or 90 V. This 90 V is also across the other branch combining R, and R, in series. 

The other branch current J, in Fig. 6-7 must be 4 A, equal to the 7-A J, minus the 
3-A LZ. With 4 A for Z, the voltage drop across the 12-Q R, equals 48 V for V}. Then 
the voltage across R, is 90 — 48, or 42 V for V,, as the sum of V, and V, must equal 
the applied 90 V. 

Finally, with 42 V across R, and 4 A through it, this resistance equals 42/4, or 
10.5 Q. Note that 10.5 Q for R, added to the 12 Q of R, equals 22.5 Q, which 
allows 90/22.5 or a 4-A branch current for J. 


Solution for Figure 6-8 


The division of branch currents also applies to Fig. 6-8, but the main principle here 
is that the voltage must be the same across R, and R, in parallel. For the branch cur- 
rents, J, is 2 A, equal to the 6-A 7, minus the 4-A /,. The voltage across the 10-Q R, 
is 4 x 10, or 40 V. This same voltage is also across R,. With 40 V across R, and 2 A 
through it, R, equals 40/2 or 20 Q. 

We can also find V, in Fig. 6-8 from R, R,, and R,. The 6-A J, through R, pro- 
duces a voltage drop of 60 V for V,. Also, the voltage across the parallel bank with 
R, and R, has been calculated as 40 V. This 40 V across the bank in series with 60 V 
across R, totals 100 V for the applied voltage. 


Solution for Figure 6—9 


To find all currents and voltage drops, we need R, to calculate 7, through R, in the 
main line. Combining resistances for R, we start with R, and R, and work in 
toward the source. Add the 8-Q R, and 8-Q R, in series with each other for 16 Q. 
This 16 Q combined with the 16-Q R, in parallel equals 8 Q between points C 
and D. Add this 8 Q to the series 12-Q R, for 20 Q. This 20 Q with the parallel 
20-Q R, equals 10 Q between points A and B. Add this 10 Q in series with the 10-Q 
R,, to make R, of 20 Q for the entire series-parallel circuit. 

Current J, in the main line is V,,/R,, or 80/20, which equals 4 A. This 4-A J, 
flows through the 10-Q R,, producing a 40-V JR drop for V,. 

Now that we know 7, and V; in the main line, we use these values to calculate all 
other voltages and currents. Start from the main line, where we know the current, 
and work outward from the source. To find V,, the ZR drop of 40 V for V; in the main 
line is subtracted from the source voltage. The reason is that V, and V; must add to 
equal the 80 V of Vz. Then V; is 80 — 40 = 40 V. 

Voltages V, and V, happen to be equal at 40 V each. They split the 80 V in half 
because the 10-Q R, equals the combined resistance of 10 Q between branch points 
A and B. 

With V; known to be 40 V, then 7, through the 20-Q R, is 40/20 = 2 A. Since J, 
is 2 A and I, is 4 A, J, must be 2 A also, equal to the difference between J, and J. 
The current flowing into point A equals the sum of the branch currents /, and J,. 


Figure 6-9 Finding all currents and voltages by calculating R, and then /, to find Vs 
across R; in the main line. 


Re =10Q 
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GOOD TO KNOW 


With the availability of accurate, 
high-resolution DMMs, it is no 
longer practical to use a 


Wheatstone bridge to determine 


the value of an unknown resistor. 


However, the concepts of the 
Wheatstone bridge are covered 
here as a basic building block for 
balanced bridge circuits in 
general, which do find wide- 


spread use in electronics. 
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The 2-A J, through the 12-Q R, produces an ZR drop equal to 2 x 12 = 24 V for V,. 
Note now that V, and V, must add to equal V,. The reason is that both V, and the path 
with V, and V, are across the same two points AB or AD. Since the potential differ- 
ence across any two points is the same regardless of the path, V; = V, + V3. To find V, 
now, we can subtract the 24 V of V, from the 40 V of V;. Then 40 — 24 = 16 V for V,. 

With 16 V for V, across the 16-Q R,, its current J, is 1 A. Also, J,_, in the branch 
with R, and R, is equal to 1 A. The 2-A J, consists of the sum of the branch currents, 
I, and I,_,, flowing into point C. 

Finally, with 1A through the 8-Q R, and 8-Q R,, their voltage drops are V, = 8 V 
and V, = 8 V. Note that the 8 V of V, in series with the 8 V of V, add to equal the 
16-V potential difference V, between points C and D. 

All answers for the solution of Fig. 6-9 are summarized below: 


R,=20Q L=4A V, =40V 
V, =40V L=2A L=2A 
V,=24V V,=16V L=1A 
IL =1A V,=8V V,=8V 


E 6-5 Self-Review 
Answers at the end of the chapter. 


In Fig. 6—6, which R is in series with R,? 
In Fig. 6—6, which R is across V,? 

In Fig. 6-7, how much is J,? 

In Fig. 6-8, how much is V,? 


Bes. 


6-6 The Wheatstone Bridge 


A Wheatstone* bridge is a circuit that is used to determine the value of an unknown 
resistance. A typical Wheatstone bridge is shown in Fig. 6—10. Notice that four 
resistors are configured in a diamond-like arrangement, which is typically how the 
Wheatstone bridge is drawn. In Fig. 6-10, the applied voltage Vp is connected to 
terminals A and B, which are considered the input terminals to the Wheatstone 
bridge. A very sensitive zero-centered current meter M,, called a galvonometer, is 
connected between terminals C and D, which are considered the output terminals. 
As shown in Fig. 6-10, the unknown resistor Ry is placed in the same branch as a 
variable standard resistor Rg. It is important to note that the standard resistor R, is a 
precision resistance variable from 0-9999 Q in 1-Q steps. In the other branch, resis- 
tors R, and R, make up what is known as the ratio arm. Resistors R, and R, are also 
precision resistors having very tight resistance tolerances. To determine the value of 
an unknown resistance Ry, adjust the standard resistor R, until the current in M, reads 
exactly 0 uA. With zero current in M, the Wheatstone bridge is said to be balanced. 


Figure 6-10 Wheatstone bridge. 


Unknown resistor 
R 


x 


D > Ratio arm 


Standard resistor, 
0-9999 Q (variable 
in 1-Q steps) 


* Sir Charles Wheatstone (1802-1875), English physicist and inventor. 
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But how does the balanced condition provide the value of the unknown resistance Ry? 
Good question. With zero current in M,, the voltage division among resistors R, and 
R, is identical to the voltage division among the ratio arm resistors R, and R,. When 
the voltage division in the R,—R, branch is identical to the voltage division in the 
R,-R, branch, the potential difference between points C and D will equal 0 V. With a 
potential difference of 0 V across points C and D, the current in M, will read 0 uA, 
which is the balanced condition. At balance, the equal voltage ratios can be stated as 

LRx _ LR, 

TR; E I oR, 


Since J, and J, cancel in the equation, this yields 
Ry = R, 
Rs R, 

Solving for Ry gives us 


R 
Rg =R, X E (6-1) 


The ratio arm R,/R, can be varied in most cases, typically in multiples of 10, 
such as 100/1, 10/1, 1/1, 1/10, and 1/100. However, the bridge is still balanced by 
varying the standard resistor R,. The placement accuracy of the measurement of Ry 
is determined by the R,/R, ratio. For example, if R,/R, = 1/10, the value of R, is 
accurate to within +0.1 Q. Likewise, if R,/R, = 1/100, the value of R, will be accu- 
rate to within +0.01 Q. The R,/R, ratio also determines the maximum unknown 
resistance that can be measured. Expressed as an equation. 

Ri 


Rime = Rimaw x R (6-2) 


Example 6-1 


In Fig. 6—11, the current in M, reads 0 uA with the standard resistor R, adjusted 
to 5642 Q. What is the value of the unknown resistor Ry? 


ANSWER Using Formula (6-1), R, is calculated as follows: 


R 
Ry = Rs XR 
2 1kQ 
= 5642 Q X 7545 
R, = 564.2 


Figure 6-11 Wheatstone bridge. See Examples 6-1 and 6-2. 


S, 
Unknown resistor 


Standard resistor, 
0-9999 Q (variable 
in 1-Q steps) 


R, =10kQ 
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Example 6-2 


In Fig. 6-11, what is the maximum unknown resistance Ry that can be 
measured for the ratio arm values shown? 


R 
ANSWER Rycmax) T Rmax x T 
2 
= 1kQ 
= 9999 Q x i0 ka 
Reiman = 999.9 Q 


If R, is larger than 999.9 Q, the bridge cannot be balanced because the voltage 

division will be greater than /o in this branch. In other words, the current in M, 
cannot be adjusted to 0 uA. To measure an unknown resistance whose value is 

greater than 999.9 Q, you would need to change the ratio arm fraction to 4, '%, 
or something higher. 


Note that when the Wheatstone bridge is balanced, it can be analyzed simply as 
two series strings in parallel. The reason is that when the current through M, is zero, 
the path between points C and D is effectively open. When current flows through 
M,, however, the bridge circuit must be analyzed by other methods described in 
Chaps. 9 and 10. 


Other Balanced Bridge Applications 


There are many other applications in electronics for balanced bridge circuits. For 
example, a variety of sensors are used in bridge circuits for detecting changes in 
pressure, flow, light, temperature, and so on. These sensors are used as one of the 
resistors in a bridge circuit. Furthermore, the bridge can be balanced or zeroed at 
some desired reference level of pressure, flow, light, or temperature. Then, when the 
condition being sensed changes, the bridge becomes unbalanced and causes a volt- 
age to appear at the output terminals (C and D). This output voltage is then fed to the 
input of an amplifier or other device that modifies the condition being monitored, 
thus bringing the system back to its original preset level. 

Consider the temperature control circuit in Fig. 6-12. In this circuit, a variable 
resistor R, is in the same branch as a negative temperature coefficient (NTC) therm- 
istor whose resistance value at 25°C (R,) equals 5 kQ as shown. Assume that R, is 
adjusted to provide balance when the ambient (surrounding) temperature T, equals 
25°C. Remember, when the bridge is balanced, the output voltage across terminals 
C and D is 0 V. This voltage is fed to the input of an amplifier as shown. With 0 V 
into the amplifier, O V comes out of the amplifier. 

Now let’s consider what happens when the ambient temperature T, increases above 
25°C, say to 30°C. The increase in temperature causes the resistance of the therm- 
istor to decrease, since it has an NTC. With a decrease in the thermistor’s resis- 
tance, the voltage at point C decreases. However, the voltage at point D does not 
change because R, and R, are ordinary resistors. The result is that the output volt- 
age Vip goes negative. This negative voltage is fed into the amplifier, which in turn 
produces a positive output voltage. The positive output voltage from the amplifier 
turns on a cooling fan or air-conditioning unit. The air-conditioning unit remains 
on until the ambient temperature decreases to its original value of 25°C. As the 


Chapter 6 


Series-Parallel Circuits 


Figure 6-12 Temperature control circuit using the balanced bridge concept. 


+ Positive output voltage 
turns on air conditioner 

+ Negative output voltage 
turns on heating unit 


temperature drops back to 25°C, the resistance of the thermistor increases to its 
original value, thus causing the voltage Vop to return to 0 V. This shuts off the air 
conditioner. 

Next, let’s consider what happens when the ambient temperature T, decreases 
below 25°C, say to 20°C. The decrease in temperature causes the resistance of 
the thermistor to increase, thus making the voltage at point C more positive. The 
result is that V., goes positive. This positive voltage is fed into the amplifier, 
which in turn produces a negative output voltage. The negative output voltage 
from the amplifier turns on a heating unit, which remains on until the ambient 
temperature returns to its original value of 25°C. Although the details of the 
temperature-control circuit in Fig. 6-12 are rather vague, you should get the idea 
of how a balanced bridge circuit containing a thermistor could be used to control 
the temperature in a room. There are almost unlimited applications for balanced 
bridge circuits in electronics. 


E 6-6 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 6-10, which terminals are the input terminals? Which 
terminals are the output terminals? 

b. With reference to Fig. 6-10, how much current flows in M, when the 
bridge is balanced? 

c. In Fig. 6-11, assume R, = 100 Q and R, = 10 kQ. If the bridge is 
balanced by adjusting R, to 7135 Q, what is the value of R,? 

d. With reference to question c, what is the maximum unknown 
resistance that can be measured for the circuit values given? 

e. With reference to Fig. 6-12, to what value must the resistor R, be 
adjusted to provide 0 V output at 25°C? 
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GOOD TO KNOW 


A short within a series-parallel 
circuit does not necessarily mean 
that the circuit will draw 
excessive current from the 


voltage source. 
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6-7 Troubleshooting: Opens and Shorts 
in Series-Parallel Circuits 


A short circuit has practically zero resistance. Its effect, therefore, is to allow exces- 
sive current. An open circuit has the opposite effect because an open circuit has 
infinitely high resistance with practically zero current. Furthermore, in series- 
parallel circuits, an open or short circuit in one path changes the circuit for the other 
resistances. For example, in Fig. 6-13, the series-parallel circuit in Fig. 6-13a 
becomes a series circuit with only R, when there is a short circuit between terminals 
A and B. As an example of an open circuit, the series-parallel circuit in Fig. 6-14a 
becomes a series circuit with just R, and R, when there is an open circuit between 
terminals C and D. 


Effect of a Short Circuit 


We can solve the series-parallel circuit in Fig. 6-13a to see the effect of the short 
circuit. For the normal circuit with S, open, R, and R, are in parallel. Although R, is 
drawn horizontally, both ends are across R,. The switch S, has no effect as a parallel 
branch here because it is open. 

The combined resistance of the 80-Q R, in parallel with the 80-Q R, is equivalent 
to 40 Q. This 40 Q for the bank resistance is in series with the 10-Q R,. Then R, is 
40 + 10 = 50 Q. 

In the main line, 7, is 100/50 = 2 A. Then V, across the 10-Q R, in the main line 
is 2 X 10 = 20 V. The remaining 80 V is across R, and R, as a parallel bank. As a 
result, V, = 80 V and V, = 80 V. 

Now consider the effect of closing switch S,. A closed switch has zero resistance. 
Not only is R, short-circuited, but R, in the bank with R, is also short-circuited. The 
closed switch short-circuits everything connected between terminals A and B. The 
result is the series circuit shown in Fig. 6-13b. 

Now the 10-Q R, is the only opposition to current. Z equals V/R,, which is 
100/10 = 10 A. This 10 A flows through the closed switch, through R,, and back to 
the positive terminal of the voltage source. With 10 A through R,, instead of its 
normal 2 A, the excessive current can cause excessive heat in R,. There is no current 
through R, and R,, as they are short-circuited out of the path for current. 


Figure 6-13 Effect of a short circuit with series-parallel connections. (a) Normal circuit 
with S, open. (b) Circuit with short between points A and B when S, is closed; now R, and R; 
are short-circuited. 


Rz =80Q 


+0 
Vz =100 V 


R, =10Q 


A 


Short 
circuit 


S, closed 
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Figure 6-14 Effect of an open path in a series-parallel circuit. (a) Normal circuit with S, closed. (b) Series circuit with R, and R, when S, is 
open. Now R, in the open path has no current and zero /R voltage drop. 


Series-Parallel Circuits 


R =809 V,=11V V3=0 


R,=102 


V>=100V V,=89V SR, =802 Voo=89V 


(b) 


Effect of an Open Circuit 


Figure 6-14a shows the same series-parallel circuit as Fig. 6-13a, except that 
switch S, is used now to connect R, in parallel with R,. With S, closed for normal 
operation, all currents and voltages have the values calculated for the series-paral- 
lel circuit. However, let us consider the effect of opening S,, as shown in Fig. 6-14. 
An open switch has infinitely high resistance. Now there is an open circuit between 
terminals C and D. Furthermore, because R, is in the open path, its 80 Q cannot 
be considered in parallel with R,. 

The circuit with S, open in Fig. 6—14b is really the same as having only R, and R, 
in series with the 100-V source. The open path with R, has no effect as a parallel 
branch because no current flows through R}. 

We can consider R, and R, in series as a voltage divider, where each JR drop is 
proportional to its resistance. The total series R is 80 + 10 = 90 Q. The 10-Q R, is 
10/90 or % of the total R and the applied V,. Then V, is 4 x 100 V = 11 V and V, 
is % x 100 V = 89 V, approximately. The 11-V drop for V, and 89-V drop for V, add 
to equal the 100 V of the applied voltage. 

Note that V, is zero. Without any current through R,, it cannot have any volt- 
age drop. 

Furthermore, the voltage across the open terminals C and D is the same 89 V as 
the potential difference V, across R,. Since there is no voltage drop across R,, termi- 
nal C has the same potential as the top terminal of R,. Terminal D is directly con- 
nected to the bottom end of resistor R,. Therefore, the potential difference from 
terminal C to terminal D is the same 89 V that appears across resistor R,. 


Troubleshooting Procedures 
for Series-Parallel Circuits 


The procedure for troubleshooting series-parallel circuits containing opens and 
shorts is a combination of the procedures used to troubleshoot individual series and 
parallel circuits. Figure 6-15a shows a series-parallel circuit with its normal operat- 
ing voltages and currents. Across points A and B, the equivalent resistance Ro of R, 
and R, in parallel is calculated as 


R,XR 
R = 2 3 
bo RR, 
_ 1002x 150Q 
100 2+ 1500 
Rig = 60 2 


193 


GOOD TO KNOW 


Troubleshooting, a defective 
electronic circuit, is like being a 
crime scene investigator. A 
technician gathers facts and data 
about the defective electronic 
circuit by making voltage, 
current, and resistance 
measurements. These 
measurements are then carefully 
analyzed to pinpoint the 


defective electronic component. 
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Figure 6-15 Series-parallel circuit for troubleshooting analysis. (a) Normal circuit 
voltages and currents; (b) circuit voltages with R, open between points A and B; (o circuit 
voltages with R, or R, shorted between points A and B. 
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Since R, and R, are in parallel across points A and B, this equivalent resistance is 
designated Rg. Therefore, R,, = 60 Q. The total resistance, R,, is 


Rp, =R, + Rap t+ Ry 
= 120 Q9 +60 Q +180 Q 


R, = 360 Q 
The total current, Zy, is 
V. 
L=— 
T Ri 
— 36V 
360 Q 
L = 100 mA 
The voltage drops across the individual resistors are calculated as 
Vi=1xR, 
= 100 mA x 120 Q 
V=12V 
V, = V3 = Va = lr X Rap 
= 100 mA x 60 Q 
=6V 
V,=1,xR, 
= 100 mA x 180 Q 
=18V 


The current in resistors R, and R, across points A and B can be found as 
follows: 


_ Va 
LER 
_ 6V 
100 Q 
L = 60 mA 
_ Va 
L=R 
-6V 
150 Q 
L = 40 mA 


Example 6-3 


Assume that the series-parallel circuit in Fig. 6-15a has failed. A technician 
troubleshooting the circuit has measured the following voltages: 


V, = 10.8 V 
Vig =9V 
V,=16.2V 


These voltage readings are shown in Fig. 6-155. Based on the voltmeter 
readings shown, which component is defective and what type of defect does it 
have? 
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ANSWER If we consider the resistance between points A and B as a single 
resistance, the circuit can be analyzed as if it were a simple series circuit. 
Notice that V, and V, have decreased from their normal values of 12 V and 18 V, 
respectively, whereas the voltage V,, across R, and R, has increased from 6 V 
to9 V. 

Recall that in a series circuit containing three or more components, the 
voltage across the defective component changes in a direction that is opposite to 
the direction of the change in voltage across the good components. Since the 
voltages V, and V, have decreased and the voltage V,, has increased, the 
defective component must be either R, or R, across points A and B. 

The increase in voltage across points A and B tells us that the resistance 
between points A and B must have increased. The increase in the resistance R,, 
could be the result of an open in either or R, or R}. 

But how do we know which resistor is open? At least three approaches may 
be used to find this out. One approach would be to calculate the resistance 
across points A and B. To do this, find the total current in either R, or R,. Let’s 
find J, in R,. 


Vi 
L= R, 
— 10.8 V 
120 Q 
I, = 90 mA 
Next, divide the measured voltage V,, by J; to find Risg- 
Vas 
Rig- Fr 
ABT h 
-9V 
90 mA 
Ry, = 100 Q 


Notice that the value of R,, is the same as that of R,. This means, of course, 
that R, must be open. 

Another approach to finding which resistor is open would be to open the 
switch S$, and measure the resistance across points A and B. This measurement 
would show that the resistance R,, equals 100 Q, again indicating that the 
resistor R, must be open. 

The only other approach to determine which resistor is open would be to 
measure the currents 7, and J, with the switch S, closed. In Fig. 6-15), the 
current J, would measure 90 mA, whereas the current /, would measure 0 mA. 
With J, = 0 mA, R, must be open. 


Example 6-4 


Assume that the series-parallel circuit in Fig. 6-15a has failed. A technician 
troubleshooting the circuit has measured the following voltages: 


V,=144V 
Vin = OV 
V,=21.6V 
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These voltage readings are shown in Fig. 6—15c. Based on the voltmeter readings 
shown, which component is defective and what type of defect does it have? 


ANSWER _ Since the voltages V, and V, have both increased, and the 
voltage V,,, has decreased, the defective component must be either R, or R} 
across points A and B. Because the voltage V,, is 0 V, either R, or R, must be 
shorted. 

But how can we find out which resistor is shorted? One way would be to 
measure the currents J, and J,. The shorted component is the one with all the 
current. 

Another way to find out which resistor is shorted would be to open the 
switch S, and measure the resistance across points A and B. Disconnect one 
lead of either R, or R, from point A while observing the ohmmeter. If removing 
the top lead of R, from point A still shows a reading of 0 Q, then you know that 
R, must be shorted. Similarly, if removing the top lead of R, from point A (with 
R, still connected at point A) still produces a reading of 0 Q, then you know 
that R, is shorted. 


E 6-7 Self-Review 


Answers at the end of the chapter. 


In Fig. 6-13, the short circuit increases I, from 2 A to what value? 
In Fig. 6-14, the open branch reduces [, from 2 A to what value? 

In Fig. 6-15a, what is the voltage across points A and B if R, shorts? 
In Fig. 6-15a, what is the voltage V,, if R, opens? 


Bop 
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Summary 


In circuits combining series and 
parallel connections, the 
components in one current path 
without any branch points are in 
series; the parts of the circuit 
connected across the same two 
branch points are in parallel. 

To calculate R, in a series-parallel 
circuit with R in the main line, 
combine resistances from the 
outside back toward the source. 


Important Terms 


Balanced bridge — a circuit consisting of 
two series strings in parallel. The 
balanced condition occurs when the 
voltage ratio in each series string is 
identical. The output from the bridge is 
taken between the centers of each 
series string. When the voltage ratios 
in each series string are identical, the 
output voltage is zero, and the bridge 
circuit is said to be balanced. 


Banks in series — parallel resistor banks 
that are connected in series with each 
other. 


Related Formulas 


Self-Test 


Answers at the back of the book. 


QUESTIONS 1-12 REFERTO 
FIG. 6-16. 
1. In Fig. 6-16, 
a. R, and R, are in series. 
b. R, and R, are in series. 
c. R, and R, are in series. 


d. R, and R, are in series. 


2. In Fig. 6-16, 
a. R», R, and V; are in parallel. 
b. R,and R, are in parallel. 
c. Rand Rare in series. 


d. R, and R, are in parallel. 
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When the potential is the same at 
the two ends of a resistance, its 
voltage is zero. If no current flows 
through a resistance, it cannot have 
any /R voltage drop. 


A Wheatstone bridge circuit has two 
input terminals and two output 
terminals. When balanced, the 
Wheatstone bridge can be analyzed 
simply as two series strings in 
parallel. The Wheatstone bridge 


Ratio arm — accurate, stable resistors in 
one leg of a Wheatstone bridge or 
bridge circuit in general. The ratio 
arm fraction, R,/R;, can be varied 
in most cases, typically in multiples 
of 10. The ratio arm fraction in a 
Wheatstone bridge determines two 
things: the placement accuracy of the 
measurement of an unknown resistor, 
Ry, and the maximum unknown 
resistance, Rygjag, that can be 
measured. 


Standard resistor — a variable resistor 


in one leg of a Wheatstone bridge 


R 


3. In Fig. 6—16, the total resistance, R,, 
equals 


a. 1.6 kQ. 
b. 3.88 kQ. 
c. 10 kQ. 


d. none of the above. 


4. In Fig. 6-16, the total current, h, 
equals 


a. 6.19 mA. 
b. 150 mA. 
c. 15 mA. 
d. 25 mA. 


= pall 
Remax) = Rsmaw x R 
2 


finds many uses in applications 
where comparison measurements 
are needed. 


The procedure for troubleshooting 
series-parallel circuits is a 
combination of the procedures used 
to troubleshoot series and parallel 
circuits. 


that is varied to provide equal voltage 
ratios in both series strings of the 
bridge. With equal voltage ratios in 
each series string, the bridge is said 
to be balanced. 


Strings in parallel — series resistor 
strings that are connected in parallel 
with each other. 


Wheatstone bridge — a balanced bridge 
circuit that can be used to find the 
value of an unknown resistor. 


5. In Fig. 6-16, how much voltage is 
across points A and B? 


a. 12V. 
b.18V. 
c.13.8V. 
d. 10.8 V. 


6. In Fig. 6-16, how much is h 
through R,? 


a.9mA. 
b.15 mA. 
c. 6 mA. 

d. 10.8 mA. 
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Figure 6-16 


Vr=24V = 


In Fig. 6-16, how much is /, 
through R,? 


a.9mA. 
b.15 mA. 
c. 6 mA. 
d. 45 mA. 


. If R, shorts in Fig. 6-16, the 


voltage, Va, 

a. increases. 

b. decreases. 

c. stays the same. 


d. increases to 24 V. 


. If R, becomes open in Fig. 6-16, 


a. the voltage across points A and B 
will decrease. 


b. the resistors R}, R3, and R, will be 
in series. 


c. the total resistance, R,, will decrease. 


d. the voltage across points A and B 
will measure 24 V. 


If R, opens in Fig. 6-16, 


a. the voltage across R, will measure 
OV. 


b. the voltage across R, will measure 
OV. 


c. the voltage across points A and B 
will measure O V. 


d. both b and c. 
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R,= 2002 


A 
R3=1.2 KQ 
R,= 680 Q B 
. If R, becomes open in Fig. 6-16, 
what happens to the voltage across 
points A and B? 
a. It decreases. 15 


b. It increases. 
c. It stays the same. 


d. none of the above. 


. If R, shorts in Fig. 6-16, 
Vie, decreases to OV. 


a. the voltage, Vip, 


b. the total current, /,, flows through R,. 
c. the current, /;, in R is zero. 


d. both a and c. 


QUESTIONS 13-20 REFER TO 
FIG. 6-17. 
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14. 


. In Fig. 6-1 7, how much voltage 
exists between terminals C and D 
when the bridge is balanced? 


a. OV. 

b. 10.9 V. 
c. 2.18 V. 
d. 12V. 


In Fig. 6-1 7, assume that the current 
in M, is zero when R, is adjusted to 
55,943 Q. What is the value of the 
unknown resistor, R,? 

a. 55,943 Q. 


b. 559.43 Q. 


c. 5,594.3 Q. 
d. 10 kQ. 


. In Fig. 6-1 7, assume that the bridge 


is balanced when R, is adjusted to 
15,000 Q. How much is the total 
current, /,, flowing to and from the 
terminals of the voltage source, V? 


a. zero. 
b. approximately 727.27 uA. 
c. approximately 1.09 mA. 
d. approximately 1.82 mA. 


. In Fig. 6—1 7, what is the maximum 


unknown resistor, R xma» that can be 
measured for the resistor values 
shown in the ratio arm? 


a. 99.99 Q. 
b.9,999.9Q. 
c. 99,999 Q. 
d. 999,999 Q. 


. In Fig. 6-1 7, the ratio R,/R, 


determines 


a. the placement accuracy of the 
measurement of Rx. 

b. the maximum unknown resistor, 
Rygmaxy» that can be measured. 

c. the amount of voltage available 
across terminals A and B. 


d. both a and b. 


Figure 6-17 
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Unknown resistor, 


Standard 
resistor, Rs 
variable from 
0-99,999 Q 
in 1-Q steps 


Ratio arm 


199 


18. In Fig. 6-1 7, assume that the 
standard resistor, R,, has been 
adjusted so that the current in M, is 
exactly O uA. How much voltage 
exists at terminal C with respect to 


interchanged. What is the value of 
the unknown resistor, R,, if R; equals 
33,950 Q when the bridge is 


balanced? 


terminal B? AAN 
i b. 3.395 kQ. 
ala c. 33,950 Q. 
BON. d. none of the above. 
c. 10.9 V: 


d. none of the above. 


19. In Fig. 6-1 7, assume that the ratio 
arm resistors, R, and R,, are 


20. 


In Fig. 6-1 7, assume that the 
standard resistor, R,, cannot be 
adjusted high enough to provide 
a balanced condition. What 


modification must be made to the 

circuit? 

a. Change the ratio arm fraction R,/R,, 
from '/10 to '⁄10 or something less. 


b. Change the ratio arm fraction, 
R/R, from '/10 to 1/1, 1⁄1 or 
something greater. 


c. Reverse the polarity of the applied 
voltage, V;. 


d. None of the above. 


Essay Questions 


Explain the difference between voltage division and 


n Fig. 6-12, assume that the thermistor has a positive 
temperature coefficient (PTC). Explain what happens to 
the voltage Vep (a) if the ambient temperature 
decreases; (b) if the ambient temperature increases. 


Draw a circuit with nine 40-V, 100-W bulbs connected 


(a) Two 10-Q resistors are in series with a 100-V source. 
fa third 10-Q Ris added in series, explain why / will 
decrease. (b) The same two 10-Q resistors are in 
parallel with the 100-V source. If a third 10-Q Ris 


added in parallel, explain why /, will increase. 


c. How much is the total resistance, R, of the entire 


d. How much is the total current, /,, in the circuit? 


e. How much current flows into point B? 


ow much current flows away from point A? 


In Fig. 6-18, solve for the following: /,,/5, V,, Vz, 


n Fig. 6-19, identify which components are in series 
and which ones are in parallel. 


a. What is the equivalent resistance of R, and R, across 


b. How much is the total resistance, R- of the entire 


ow much is the total current, l, in the circuit? 


ow much current flows into point B and away from 


In Fig. 6-19, solve for 4, V,, Va, V3, h, and h. 


1. In aseries-parallel circuit, how can you tell which 7. 
resistances are in series and which are in parallel? current division. 
2. Draw a schematic diagram showing two resistances in a 8. 
parallel bank that is in series with one resistance. 
3. Drawa diagram showing how to connect three 
resistances of equal value so that the combined 
resistance will be 1% times the resistance of one unit. 9. 
to a 120-V source. 
4. Drawa diagram showing two strings in parallel across 
a voltage source, where each string has three series 10. 
resistances. 
5. Explain why components are connected in series-parallel, 
showing a circuit as an example of your explanation. 
6. Give two differences between a short circuit and an 
open circuit. 
Problems 
SECTION 6-1 FINDING R, FOR SERIES-PARALLEL 
RESISTANCES circuite 
6-1 In Fig. 6—18, identify which components are in series 
and which ones are in parallel. 
6-2 In Fig. 6-18, 
a. How much is the total resistance of just R} and R,? 6-3 
b. What is the equivalent resistance of R, and R, across , Vp, l, and I. 
points A and B? 
6-4 
Figure 6-18 
R,=220Q R,=680Q 4 6-5 In Fig. 6-19, 
points A and B? 
circuit? 
+ 
V:=15V = R,=1.5 kQ 
point A? 
6-6 
B 
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Figure 6-19 


R,=120Q 


R;=400Q 


6-7 In Fig. 6-19, solve for P;, P5, P3, and P4. 


6-8 In Fig. 6—20, identify which components are in series 
and which ones are in parallel. 


Figure 6-20 


R,= 150 Q 


R= 600 Q 


R,=100Q 


6-9 In Fig. 6—20, 


a. How much is the total resistance of just R, and R,? 


b. What is the equivalent resistance of R, and R, across 
points A and B? 
c. How much is the total resistance, R, of the entire 
circuit? 


d. How much is the total current, /,, in the circuit? 


e. How much current flows into point B and away from 
point A? 


6-10 In Fig. 6—20, solve for the following: h, Vi, Vo, V3, h» h, l4, 
V,,P,, P,P, P,, and Pr 


SECTION 6-2 RESISTANCE STRINGS IN PARALLEL 
6-11 In Fig. 6-21, 

a. What is the total resistance of branch 1? 

b. What is the resistance of branch 2? 


c. How much are the branch currents /, and /5? 


d. How much is the total current, /,, in the circuit? 
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e. How much is the total resistance, R}, of the entire 
circuit? 


f. What are the values of V,, V,, and V? 


Figure 6-21 


Branch 1 


Branch 2 


R3=12kQ 


6-12 In Fig. 6-22, 
a. What is the total resistance of branch 1? 


b. What is the total resistance of branch 2? 


c. How much are the branch currents /, and /,? 


d. How much is the total current, /;, in the circuit? 


e. How much is the total resistance, R, of the entire 
circuit? 


f. What are the values of V,, V2, V3, and V,? 


Figure 6-22 


Branch 1 Branch 2 


R3= 180 Q 


6-13 In Fig. 6-23, 
a. What is the total resistance of branch 1? 


b. What is the total resistance of branch 2? 


c. How much are the branch currents /, and /,? 


ow much is the total current, /;, in the circuit? 


e. How much is the total resistance, R4, of the entire 
circuit? 


f. What are the values of V,, V,, V3, and V,? 


6-14 In Fig. 6—24, solve for 
a. branch currents /,, h and the total current, h. 
b. Ry. 
c. V, Vp, V3, and V,. 
d. P,, P5, P3,P, and P,. 
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Figure 6-23 


Branch 2 


Branch 1 


R,=680Q 


Figure 6-24 


Branch 2 


Branch 1 


R3=1.2 KQ 


V,=120V = 


6-15 In Fig. 6—25, solve for 
a. branch currents h, l, l and the total current, h. 
b. Ry. 
c. V,, V5, V3, V,, and Ve, 


Figure 6-25 


Branch 2 Branch 3 


Branch 1 


500 Q 


1kQ 


SECTION 6-3 RESISTANCE BANKS IN SERIES 


6-16 In Fig. 6-26, 
a. What is the equivalent resistance of R, and R, in 
parallel across points A and B? 


b. What is the total resistance, R,, of the circuit? 


c. What is the total current, l+, in the circuit? 
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d. How much voltage exists across points A and B? 
e. How much voltage is dropped across R,? 
f. Solve for /, and /,. 
g. How much current flows into point B and away from 
point A? 
Figure 6-26 


R,= 2.2 KQ 


R,= 680 Q 


6-17 In Fig. 6-27, 
a. What is the equivalent resistance of R, and R} in 
parallel across points A and B? 


b. What is the total resistance, R,, of the circuit? 


. What is the total current, /,, in the circuit? 


c 
d. How much voltage exists across points A and B? 


e. How much voltage is dropped across R,? 
f. Solve for /, and h. 
g. How much current flows into point B and away from 
point A? 
Figure 6-27 
R,= 100 Q 


R3=200Q 


6-18 In Fig. 6-28, solve for 
a. Re 
Be tes 
c. V,, V5, and V3. 
d; /, and Iz: 


6-19 In Fig. 6-29, solve for 
a. Re 
Dass tees 
c. V,, V5, and V3. 
d. hand h. 
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Figure 6-28 


R,=12kQ 


R,=6.8kQ R3= 180 Q 


Figure 6-29 


R,= 1.2 kQ 


R3=1kQ 


SECTION 6-4 RESISTANCE BANKS AND STRINGS IN 
SERIES-PARALLEL 
6-20 In Fig. 6—30, solve for Ry, h, V Vo, Va, Va h, h, Is, and l4. 


Figure 6-30 


R,=752 R3= 150 Q 


R, = 180 Q 


6-21 In Fig. 6-31, solve for R, ly, Vj, Va, Vas Vas Vos ho las bzs Ly, 
and /;. 


Figure 6-31 


R,=1202 R;=100Q 


R,=150Q 


R;=180Q 
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6-22 In Fig. 6-32, solve for Ry, h, Vi, Vo, V3, Va, Vss Vo ho Los Is, 
I lz and Ig. 


Figure 6-32 


R,=180 Q 


R3=470Q 


R,= 3302 


Re= 220 Rs = 100 Q 


6-23 In Fig. 6-33, solve for Ry, h, Vi, Vo, V3, Vas Vss hs bos h, l4, 
and I.. 


Figure 6-33 


R,=1kQ 


V =120 V -= R,=1.5 kQ 


Rs=2kQ 


6-24 In Fig. 6-34, solve for R, h, Vi, Vo, V3, Va, Vss Vo ho b» h, 
I,1,,and lg 


Figure 6-34 


R,=120Q 


R= 682 


V,;=75V = R,=5600 Rs = 180 Q 


R,= 682 
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6-25 In Fig. 6-35, solve for Ry, h, Vis Vox V3, Va, Vs, Ves Vor ys os SECTION 6-5 ANALYZING SERIES-PARALLEL 
h, la ls, le, and I. CIRCUITS WITH RANDOM UNKNOWNS 
6-28 In Fig. 6-38, solve for V,, V3, V3, h, Ra, Ry, and V4. 


Figure 6-35 
Figure 6-38 


R =1.5 KQ Ry = 10 kQ 


R =120Q 


--- 


Í 1,=300mA 


Rs = 15 KQ 


R,=1kQ Rg = 5 kQ 
R3 


4 
6-26 In Fig. 6-36, solve for Ry, h, lz, l3, V}, Vs, Vz, and the [L= 120 mA 


voltage, Vag. 


Figure 6-36 6-29 In Fig. 6-39, solve for Ry, h, Vz, Vi, Vo, Va, h, and h. 


Figure 6-39 


R,= 100 Q 


Ry =1.2kQ R3=3.3kQ 


V3=9.24V 
R= 3302 


6-27 In Fig. 6-37, solve for R, h, Vi, Vo, Va, Vas Vs, Vo hs bas bs, 
L,,/,,and le 


R,=68Q 


Figure 6-37 
6-30 In Fig. 6—40, solve for Ry, V, V2, V3, h, h, and Vy. 


Figure 6-40 


Rz= 3302 
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6-31 In Fig. 6—41 , solve for Ry, hr, Vr, Vi, Vos Vas Va, Ves Ves h, h, b. How much voltage exists between points C and D 
L,, and I.. when the bridge is balanced? 


Figure 6-41 


R,= 1802 R3= 150 Q 


Figure 6-44 


Unknown resistor 


R, = 3302 


C D > Ratio arm 


Standard resistor 


R,= 2202 Rs =120Q 
P5 = 48 mW Variable from 

0-99,999 Q 

in 1-Q steps 


6-32 In Fig. 6-42, solve for Ry, hr, Vi, V2, V3, Va, Vss Vo hs bo, Is, 
lasls anid Je: 


Figure gaiz 6-35 In Fig. 6-44, assume that the bridge is balanced when 


R = 1 kQ, R, = 5 kQ, and R; = 34,080 Q. Determine 


a. the value of the unknown resistor, Ry. 


R,=152 R, = 1002 R, = 1502 


b. the voltages V:s and Vps- 


c. the total current, l+, flowing to and from the voltage 
source, V}. 


R,=1002 6 _36 In reference to Prob. 6-35, which direction (C to D or D 
to C) will electrons flow through M, if 


a. Ris reduced in value? 


b. Ris increased in value? 


6-37 In Fig. 6—44, calculate the maximum unknown resistor, 


6-33 In Fig. 6-43, solve for h, Ry, Roy Vo» V3, Va, Vs, Ves ba, z, la, Rxmax» that can be measured for the following ratio arm 
l, and h. values: 
5 tell 
© R, 1000 
Figure 6-43 ° 
ek 
V,=54V R 00 
R=1800 Rs T 
= R,T 10 
R; 
d. RT 
R,=18kQ R, 10 
SRSTI 
Vr=30V ; R 00 
"R71 
6-38 Assume that the same unknown resistor, R,, is measured 
using different ratio arm fractions in Fig. 6—44. In each 
case, the standard resistor, Rc, is adjusted to provide the 
balanced condition. The values for each measurement are 
Ri] 
a. R= aain =T: 
1 1 
SECTION 6-6 THE WHEATSTONE BRIDGE A TE 
Probs. 34-38 refer to Fig. 6—44. R; 1 
(on Ro = 2,317 Qand R= 7H: 
a 2 
6-34 In Fig. 6-44, Calculate the value of the unknown resistor, R,, for each 
a. How much current flows through M, when the measurement. Which ratio arm fraction provides the 


Wheatstone bridge is balanced? greatest accuracy? 
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PROBLEMS 39-41 REFER TO FIG. 6—45. 

6-39 In Fig. 6—45, to what value must R, be adjusted to provide 
zero volts across terminals C and D when the ambient 
temperature, 7,, is 25°C? (Note: R, is the resistance of 
the thermistor at an ambient temperature, T}, of 25°C.) 


Figure 6-45 
A 
R, = (0-5 KQ) 
R,=1kQ 
= c D 
v, =10V = 

R,=5kQNTC Ra = ake 

B 


6-40 In Fig. 6-45, assume that R, is adjusted to provide zero 
volts across terminals C and D at an ambient 
temperature, Ta, of 25°C. What happens to the polarity 
of the output voltage, Vep, when 


a. the ambient temperature, T,, increases above 25°C? 


b. the ambient temperature, 7,, decreases below 25°C? 


6-41 In Fig. 6—45, assume that R, has been adjusted to 850 Q 
to provide zero volts across the output terminals C and 
D. Determine 


a. the resistance of the thermistor. 


b. whether the ambient temperature, 7,, has increased 
or decreased from 25°C. 


Critical Thinking 


6-43 In Fig. 6—47 , bulbs A and B each have an operating 
voltage of 28 V. If the wattage ratings for bulbs A and B 
are 1.12W and 2.8 W, respectively, calculate (a) the 
required resistance of R,; (b) the recommended wattage 
rating of R,; (c) the total resistance R}. 


Figure 6-47 Circuit diagram for Critical Thinking Prob. 6-43. 


R 


1 


6-44 Refer to Fig. 6-48. How much voltage will be indicated 
by the voltmeter when the wiper arm of the linear 
potentiometer R, is set (a) to point A; (b) to point B; 
(c) midway between points A and B? 
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SECTION 6-7 TROUBLESHOOTING: OPENS AND 
SHORTS IN SERIES-PARALLEL CIRCUITS 


Figure 6—46 shows a series-parallel circuit with its 
normal operating voltages and currents. 


6-42 In Fig. 6—46, determine the voltages V, 
Vag» V3, Vep» and V; for each of the following component 
troubles: 


a. R,is open. 
b. R,is shorted. 
. R}; is open. 


. R,is shorted. 


. R is open. 


c 
d 
e. R,is open. 
f 
g 


. R, is shorted. 


Figure 6-48 Circuit diagram for Critical Thinking Prob. 6-44. 


+36 V 
R =3.3 kQ 
A 


R,=5kQ 


R,=15 kQ 


6-45 Explain how the temperature control circuit in Fig. 6-12 
will be affected if the polarity of the applied voltage V, is 
reversed. 
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Troubleshooting Challenge 


Table 6—1 shows voltage measurements taken in Fig. 6—49. The first row shows the values that exist when the circuit is 
operating normally. Rows 2 to 13 are voltage measurements taken when one component in the circuit has failed. For each row 
in Table 6-1, identify which component is defective and determine the type of defect that has occurred in the component. 


Figure 6-49 Circuit diagram for troubleshooting challenge. Normal operating 
voltages are shown. 


R,=100Q R, = 3302 


R,=1.2 KQ 
V,=24V 


R, = 180 Q R, = 2702 


Table 6-1 Voltage Measurements for Troubleshooting Challenge 


ale ʻ v, 2 vs eee 
VOLTS 
1 Normal values 5 36 6.6 24 5.4 9 None 
2 Trouble 1 (0) (0) 50 
3 Trouble 2 17.86 © (0) (0) © 32.14 
4 Trouble 3 3.38 40.54 (0) 40.54 6.08 
5 Trouble 4 3.38 40.54 (0) (0) 40.54 6.08 
6 Trouble 5 6.1 43.9 8.05 DQ) AY 6.59 (0) 
7 Trouble 6 2.4 43.27 MIZ 28.85 6.49 4.33 
8 Trouble 7 50 (0) (0) (0) (0) (0) 
9 Trouble 8 25 29.41 16.18 (0) 13.24 13.24 
10 Trouble 9 (0) 40 33 26.67 6 10 
11 Trouble 10 3.38 40.54 40.54 (0) O 6.08 
12 Trouble 11 592. 251 © 28.67 6.45 IS 
13 Trouble 12 525 55S 7.61 2N (0) 9.45 
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Answers to Self-Reviews 6-1 a. 1kQ 6-5 a. R, 
. 0.5 kQ b. R, 
c. 1.5 kQ c. 4A 
d. 60V 
6-2 a. 12V 
b. 6A 6-6 a. Aand B are input; C and D are 
c. 18V output. 
b. Zero 
6-3 a. 40V c. 71.35Q 
b. 8A d. 99.99 Q 
c. 4V e. 500Q 
6-4 a. R; 6-7 a. 10A 
b. R, b. 11A 
c. Re c. 12V 
d. OV 
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Laboratory Application Assignment 


In this lab application assignment, you will examine three 
different series-parallel circuits. You will also troubleshoot a 
series-parallel circuit containing both shorts and opens. 


Equipment: Obtain the following items from your instructor: 


+ Variable dc power supply 
* Assortment of carbon-film resistors 
< DMM 


Series-Parallel Circuit Characteristics 


Examine the series-parallel circuit in Fig. 6—50. Calculate and 
record the following values: 


Construct the series-parallel circuit in Fig. 6—50. Measure and 
record the following values. (Note that the power supply 
connections must be removed to measure R;.) 


R= h= Y= Ve i 
a= V, = > 
AB h= 15 


n Fig. 6—50, identify which components are in series and which 


components are in parallel. 


Do your measured values of voltage and current support your 
answers? 


Does the current entering point B equal the current leaving 


R= „h= VM= Y= ; 
A= V= 7 
: 3 point A? 
Vig = l= „h = 
Figure 6-50 
R,=100Q A 
V,=17V R,=1kQ 


R,= 1509 


Add the measured values of V}, Vag, and V,. Record your answer. 


How does this value compare to the value of V;? Does the sum 
of these voltages satisfy KVL? 


Examine the series-parallel circuit in Fig. 6—51. Calculate and 
record the branch currents, I, and ie and the total current, the 
L= Next, calculate 
and record the individual resistor voltage drops V,, V,, V} and V,. 
é V= Ve And 
finally, calculate and record the total resistance, R, R, = 
Construct the circuit in Fig. 6-51. Measure and record the 
branch currents, fl and il and the total current, /./, = 


Pilea 
L= L= 


L= L= 


= V= 


Next, measure and record the 
individual resistor voltage drops V,, V,, V} and V,. 

1 z V; = ka V, 

Finally, measure and record the total resistance R,. (Note that 


= Ve 
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the power supply connections must be removed to measure R.) 
R=— 

Do the measured values of V, and V, add to equal the applied 
voltage, V? 


to equal V? 


Do the measured values of V, and V, add 
Do the measured values of /, and /, add 
to equal the total current, /,? 

Examine the series-parallel circuit in Fig. 6-52. Calculate and 
record the following values: 

— V= V= 


E T 1 AB 


L= |l = 


2 3 
Construct the circuit in Fig. 6-52. Measure and record the 


branch currents, /, and /,, and the total current, 4. l, = 
L= Next, measure and record the 
voltages V, and V,,. V, = Finally, 


measure and record the total resistance R,. (Note that the power 


L= 


supply connections must be removed to measure R) R= 
Do the measured values of /, and /, add to equal the total 
current, |? 

add to equal V? 


Do the measured values of V, and V,, 
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Figure 6-51 


Branch 1 


Branch 2 


R, = 6809 


Figure 6-52 


R,= 1509 


Series-Parallel Circuit Troubleshooting 


In this troubleshooting assignment, you will insert faults into 
the series-parallel circuit of Fig. 6-50. However, you will not be 
asked to calculate every voltage and current for every possible 
defect. All you will be asked to do is to insert the fault specified 
in Table 6—2 and record the measured values for V}, Vag, Va, lp 
l, and /,. To simulate a short, replace the original resistor with 

a 1-Q resistor. To simulate an open, replace the original resistor 
with a 1-MQ resistor. Although you already know which 
component is defective, this exercise gives you practical 


hands-on experience in analyzing the effects of opens and 
shorts in series-parallel circuits. Let’s get started. 

Refer to Fig. 6—50. Recall the values of V,, Vag, Væ lrs bo, 
and /,, calculated earlier. Write each value next to its respective 
resistor on the schematic diagram. Next, use a DMM to 
measure V,, Vag, Vy, l Ib, and l3. Record these values in 
Table 6—2 in the first row labeled “Normal.” Next, open R, 
(replace it with a 1-MQ resistor) and measure V, Vag, Va, lrs 
l>, and l. Record these values in the second row of the table. 
Repeat this procedure for each fault listed in Table 6-2. 


Table 6-2 Series-Parallel Circuit Troubleshooting 


V, Vas V, 
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L L I, Circuit Fault 
Normal 

R, open 

R, shorted 
R, open 

R, shorted 
R, open 

R, shorted 
R, open 


R, shorted 
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Cumulative Review Summary (Chapters 1-6) 


The electron is the most basic particle 
of negative electricity; the proton is 
the most basic particle of positive 
electricity. Both have the same charge, 
but they have opposite polarities. 


A quantity of electrons is a negative 
charge; a deficiency of electrons is a 
positive charge. Like charges repel 
each other; unlike charges attract. 


Charge, Q, is measured in coulombs; 
6.25 x 10'® electrons equals one 
coulomb of charge. Charge in motion 
is current. One coulomb of charge 
flowing past a given point each 
second equals one ampere of current. 


Potential difference, PD, is measured 
in volts. One volt produces one 
ampere of current against the 
opposition of one ohm of resistance. 


The main types of resistors are 
carbon-composition, carbon-film, 
metal-film, wire-wound, and surface- 
mount. Wire-wound resistors are used 
when the resistance must dissipate a 
lot of power, such as 5 W or more. 
Carbon-film and metal-film resistors 
are better than the older carbon- 
composition type because they have 
tighter tolerances, are less sensitive to 
temperature changes and aging, and 
generate less noise internally. 


Resistors having a power rating less 
than 2 W are often color-coded to 
indicate their resistance value. To 
review the color code, refer to 

Table 2—1 and Fig. 2-8. 


Surface-mount resistors (also called 
chip resistors) typically use a three- 
digit number printed on the body to 
indicate the resistance value in ohms. 
The first two digits indicate the first 
two digits in the numerical value of 
the resistance; the third digit is the 
multiplier. For example, a surface- 
mount resistor which is marked 103 
has a resistance value of 10,000 Q 
or 10 kQ. 


A potentiometer is a variable resistor 
that has three terminals. It is used as 
a variable voltage divider. A rheostat 
is a variable resistor that has only two 
terminals. It is used to vary the 
current in a circuit. 


A thermistor is a resistor whose 
resistance changes with changes in 
operating temperature. Thermistors 
are available with either a positive or a 
negative temperature coefficient 


(NTC). 


The most common trouble with 
resistors is that they develop opens and 
thus have infinitely high resistance. 


The three forms of Ohm’s law are 

= V/R, V= IR,and R= V/I. 

[he three power formulas are P= VI, 
=/?R,andP=V?/R. 

he most common multiple and 
submultiples of the practical units are 
mega (M) for 10°, micro (u) for 10%, 
kilo (k) for 10°, and milli (m) for 1073. 


For series resistances: (1) the current 
is the same in all resistances; (2) IR 


|= 


1 


drops can be different with unequal 
resistances; (3) the applied voltage 
equals the sum of the series /R drops; 
(4) the total resistance equals the 
sum of the individual resistances; 

(5) an open circuit in one resistance 
results in no current through the 
entire series circuit. 


For parallel resistances: (1) the voltage 
is the same across all resistances; (2) 
the branch currents can be different 
with unequal resistances; (3) the total 
line current equals the sum of the paral- 
lel branch currents; (4) the combined 
equivalent resistance, Reo, of parallel 
branches is less than the smallest resis- 
tance as determined by Formula (5-3); 
(5) an open circuit in one branch does 
not create an open in the other 
branches; (6) a short circuit across one 
branch short-circuits all branches. 


In series-parallel circuits, the 
resistances in one current path 
without any branch points are in 
series; all rules of series resistances 
apply. The resistances across the 
same two branch points are in 
parallel; all rules of parallel 
resistances apply. 


A Wheatstone bridge has two input 
terminals and two output terminals. 
When the bridge is balanced, the 
voltage across the output terminals is 
OV. When the bridge is unbalanced, 
however, the output voltage may be 
either positive or negative. Balanced 
bridge circuits find many useful 
applications in electronics. 


Cumulative Self-Test 


Answers at the back of the book. 3. With 30 V applied across two equal 5. Three 120-V, 100-W bulbs are in 


1. Acarbon resistor is color-coded with 
brown, green, red, and gold stripes 
from left to right. Its value is 


(a) 1500 Q + 5%; 
(b) 6800 Q + 5%; 
(c) 10,000 Q + 10%; 
(d) 500,000 Q + 5%. 


2. A metal-film resistor is color-coded 
with orange, orange, orange, red, 
and green stripes, reading from left 
to right. Its value is 


(a) 3.3 kQ + 5%; 
(b) 333 kQ + 5%; 
(© 33.3 kQ + 0.5%; 
(d) 333 Q + 0.5%. 
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resistors in series, 10 mA of current 
flows. Typical values for each resistor 
to be used here are 


(a) 10Q,10W; 
(b) 1500 Q, %2 W; 
(© 3000 Q, 10 W; 
(d) 30 MQ, 2 W. 


. In which of the following circuits will 


the voltage source produce the most 
current? 


(a) 10 V across a 10-Q resistance; 


(b) 10 V across two 10-Q 
resistances in series; 


(© 10 V across two 10-Q resistances 
in parallel; 


(d) 1000 V across a 1-MQ resistance. 


parallel across a 120 V power line. If 
one bulb burns open 


(a) the other two bulbs cannot light; 
Cb) all three bulbs light; 
(©) the other two bulbs can light; 


(d) there is excessive current in the 
main line. 


. A circuit allows 1 mA of current to 


flow with 1 V applied. The 
conductance of the circuit equals 


(a) 0.002 Q; 
(b) 0.005 uS; 
(© 1000 uS; 
(d) 15. 
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7. If 2A of current is allowed to 
accumulate charge for 5s, the 
resultant charge equals 


(a) 2C; (b) 10C; 
© 5A; (d) 10A. 


8. A potential difference applied across 


a 1-MQ resistor produces 1 mA of 
current. The applied voltage equals 


(a) 1 uV; (b) 1 mV; 
(c) 1 kV; 


9. Astring of two 1000-Q resistances 


is in series with a parallel bank of two 


1000-Q resistances. The total 
resistance of the series-parallel 
circuit equals 


(a) 250 Q; (b) 2500 Q; 
(c) 3000 Q; (d) 4000 Q. 
10. In the circuit of question 9, one of 


the resistances in the series string 
opens. Then the current in the 
parallel bank 


(a) increases slightly in both 
branches; 


(b) equals zero in one branch but is 
maximum in the other branch; 


(c) is maximum in both branches; 


(d) equals zero in both branches. 


11.With 100 V applied across a 
10,000-Q resistance, the power 
dissipation equals 
(a) 1 mW; 

(© 100 W; 


(b) 1 W; 
(d) 1 kW. 


Design credit Multisim: ©Stockbyte/Getty Images 
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(d) 1,000,000 V. 


12: 


13. 


14. 


15. 


16. 


A source of 10 V is applied across 
R,, Ra, and R; in series, producing 1 A 
in the series circuit. R, equals 6 Q 
and R, equals 2 Q. Therefore, R3 
equals 


(a) 2 Q; 
(c) 10 Q9; 


(b) 4 Q; 
(d) 12 Q. 


A 5-V source and a 3-V source are 
connected with series-opposing 
polarities. The combined voltage 
across both sources equals 

(a) 5V; (b) 3V; 

(© 2V; (d) 8V. 


In a circuit with three parallel 
branches, if one branch opens, the 
main-line current will be 


(b) less; 
(d) infinite. 


(a) more; 


(© the same; 


A 10-Q R, and a 20-Q R, are in series 
with a 30-V source. If R, opens, the 
voltage drop across R, will be 


(b) 20 V; 
(d) infinite. 


(a) zero; 


(c) 30V; 


A voltage V, of 40 V is connected 
series-opposing with V, of 50 V. 
The total voltage across both 
components is 
(a) 10V; 

(© 50V; 


(b) 40 V; 
(d) 90V. 


17. 


18. 


19. 


20. 


21. 


Two series voltage drops V, and V, 
total 100 V for V}. When V, is 60V, 
then V, must equal 


(a) 40V; (b) 60V; 
(© 100V; (d) 160V. 
Two parallel branch currents /, 


and /, total 100 mA for I;. When 
L is 60 mA, then /, must equal 


(a) 40 mA; (b) 60 mA; 

(c) 100 mA; (d) 160 mA. 

A surface-mount resistor is marked 
224. Its resistance is 

(a) 224 Q; (b) 220 kQ; 

(c) 224 kQ; (d) 22 kQ. 

If a variable voltage is connected 


across a fixed resistance, 


(a) | and V will vary in direct 
proportion; 
(b) | and V will be inversely 


proportional; 
(c) | will remain constant as Vis 
varied; 


(d) none of the above. 


If a fixed value of voltage is 
connected across a variable 
resistance, 


(a) Iwill vary in direct proportion to R; 
(b) I will be inversely proportional to R; 
(c) Iwill remain constant as Ris varied; 


(d) none of the above. 
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Voltage Dividers and 
Current Dividers 


A” series circuit is a voltage divider in which the individual resistor voltage drops 
are proportional to the series resistance values. Similarly, any parallel circuit is a 


current divider in which the individual branch currents are inversely proportional to 
the branch resistance values. When parallel-connected loads are added to a series 
circuit, the circuit becomes a loaded voltage divider. In fact, a loaded voltage divider 
is just a practical application of a series-parallel circuit. 


In a series circuit, it is possible to find the individual resistor voltage drops without 
knowing the series current. Likewise, it is possible to find the individual branch 
currents in a parallel circuit without knowing the value of the applied voltage. In this 
chapter, you will learn how to solve for the voltages in a series circuit and the 
currents in a parallel circuit using special formulas that provide shortcuts in the 
calculations. You will also learn how to design a loaded voltage divider that provides 
different load voltages and currents from a single supply voltage, V, E 


7-1 Series Voltage Dividers 7-4 Series Voltage Divider with Parallel Load 
Current 


7-2 Current Divider with Two Parallel 
Resistances 7-5 Design of a Loaded Voltage Divider 


7-3 Current Division by Parallel 
Conductances 


After studying this chapter, you should be able to 


m Use the voltage divider rule to calculate the Æ Explain why the branch currents are 
voltage drops in an unloaded voltage inversely proportional to the branch 
divider. resistances in a parallel circuit. 

m~ Explain why resistor voltage drops are = Define what is meant by the term loaded 
proportional to the series resistance values voltage divider. 
in a series circuit. B® Calculate the voltage, current, and power 

m Use the current divider rule to calculate the values in a loaded voltage divider. 


branch currents in a parallel circuit. 


bleeder current load currents Voltage divider rule (VDR) 
current divider loaded voltage voltage taps 
Current divider rule (CDR) voltage divider 
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GOOD TO KNOW 


In the formula V,=/R, 

substitute E for I. This gives 
Va E x R. Interchanging V+ and 
R gives Vz = p X V,, which is 
Formula (7-1). 


Figure 7-1 Series string of 


resistors as a proportional voltage divider. 
Each V} is R/R, fraction of the total source 
voltage V, 
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7-1 Series Voltage Dividers 


The current is the same in all resistances in a series circuit. Also, the voltage drops 
equal the product of J times R. Therefore, the JR voltages are proportional to the 
series resistances. A higher resistance has a greater JR voltage than a lower resis- 
tance in the same series circuit; equal resistances have the same amount of /R drop. 
If R, is double R,, then V, will be double V,,. 

The series string can be considered a voltage divider. Each resistance provides an 
IR drop V, equal to its proportional part of the applied voltage. Stated as a 
formula, 


Vp =e xV. (7-1) 


Formula (7-1) is called the voltage divider rule (VDR) because it allows us to 
calculate the voltage drops in a series circuit without knowing the value of the 
current, J. 


Example 7-1 


Three 50-kQ resistors R,, R,, and R, are in series across an applied voltage of 
180 V. How much is the ZR voltage drop across each resistor? 


ANSWER The voltage drop across each R is 60 V. Since R,, R,, and R, are 
equal, each resistor has one-third the total resistance of the circuit and one-third 
the total applied voltage. Using the formula, 


-R — 50kQ 
uep eK NY 
=L 
=3 X 180 V 
=60V 


Note that R and R, must be in the same units for the proportion. Then V is in the 
same units as V}. 


Typical Circuit 


Figure 7—1 illustrates another example of a proportional voltage divider. Let the 
problem be to find the voltage across R,. We can either calculate this voltage V, as 
IR, or determine its proportional part of the total applied voltage V,. The answer is 
the same both ways. Note that R, is 20 + 30 + 50 = 100 kQ. 


Proportional Voltage Method 


Using Formula (7-1), V, equals 20/100 of the 200 V applied for V, because R, is 
20 KQ and R, is 100 kQ. Then V, is 20/100 of 200 or % of 200, which is equal to 
40 V. The calculations are 


R 
ss _ 20 
ee aa ae aaa 
V,=40V 
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CALCULATOR 


To do a problem like this on the 
calculator, you can divide R; by R; 
first and then multiply by V;. For 
the values here, to find V3, the 


procedure can be as follows: 
Punch in the number 20 for R3. 


Push the ()key, then 100 for R} 
and press the (x) key for the 
quotient of 0.2 on the display. 


Next, punch in 200 for V, and 
press the ©) key to display 40 as 


the answer for V3. 


As another method, you can 
multiply R> by V; first and then 
divide by R+. The answers will be 


the same for either method. 
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In the same way, V, is 60 V. The calculations are 


R 
v=x Ve = 00% 200 V 


V,=60V 
Also, V, is 100 V. The calculations are 
R 
cai — 30 
a Re 100 X 200 Y 
v, = 100 V 


The sum of V,, V;, and V; in series is 100 + 60 + 40 = 200 V, which is equal to Vy. 


Method of IR Drops 


If we want to solve for the current in Fig. 7-1, I = V;,/R, or 200 V/100 kQ = 2 mA. 
This / flows through R,, R,, and R, in series. The JR drops are 


V, =I XR, =2 mA x 50 kQ = 100 V 
V, =I X R, =2 mA x 30 kQ = 60 V 
V, = I x R, = 2 mA X 20 kQ = 40 V 


These voltages are the same values calculated by Formula (7—1) for proportional 
voltage dividers. 


Two Voltage Drops in Series 


For this case, it is not necessary to calculate both voltages. After you find one, 
subtract it from V; to find the other. 

As an example, assume that V; is 48 V across two series resistors R, and R}. If V, 
is 18 V, then V, must be 48 — 18 = 30 V. 


The Largest Series R Has the Most V 


The fact that series voltage drops are proportional to the resistances means that a 
very small R in series with a much larger R has a negligible JR drop. An example is 
shown in Fig. 7—2a. Here the 1 kQ of R, is in series with the much larger 999 kQ of 
R,. The V;, is 1000 V. 

The voltages across R, and R, in Fig. 7—2a can be calculated using the voltage 
divider rule. Note that R, is 1 + 999 = 1000 KQ. 


R 
=l -dl _ 
V= X V= o0% 1000V = 1 
R 
V, = -2 x V, = -299x 1000 V = 999 V 


25 R,” “t= 1000 


The 999 V across R, is practically the entire applied voltage. Also, the very high 
series resistance dissipates almost all the power. 

The current of 1 mA through R, and R, in Fig. 7—2a is determined almost entirely 
by the 999 KQ of R,. The / for R, is 1000 V/1000 kQ, which equals 1 mA. However, 
the 999 kQ of R, alone would allow 1.001 mA of current, which differs very little 
from the original J of 1 mA. 


Voltage Taps in a Series Voltage Divider 


Consider the series voltage divider with voltage taps in Fig. 7—2b, where different 
voltages are available from the tap points A, B, and C. Note that the total resistance R, 
is 20 kQ, which can be found by adding the individual series resistance values. The 
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Figure 7-2 (a) Example of a very small R, in series with a large R,; V, is almost equal to the whole V,. (b) Series voltage divider with voltage taps. 
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R- = 999 kQ V,=999 V 


(b) 


voltage at each tap point is measured with respect to ground. The voltage at tap 
point C, designated Vog, is the same as the voltage across R,. The calculations for 
Veg are as follows: 


R, 
Wom on 
— LkQ 
=r0K0 * 4 V 
Vo = 1.2 V 


The voltage at tap point B, designated V,,, is the sum of the voltages across R, 
and R,. The calculations for V,,, are 


R,+R 
Vag = RV 
_15kQ+1kQ 
= OC AV 
Va =3 V 


The voltage at tap point A, designated V,,,, is the sum of the voltages across R,, R;, 
and R,. The calculations are 


_ Ry, +R,+R, 


Vig = RXV, 
_7.5kQ+415kQ4+1kO 
= 56 KO x24V 
Vo =12V 


Notice that the voltage V,,, equals 12 V, which is one-half of the applied voltage 
V,. This makes sense, since R, + R, + R, make up 50% of the total resistance R}. 
Similarly, since R, + R, make up 12.5% of the total resistance, the voltage V3, will 
also be 12.5% of the applied voltage, which is 3 V in this case. The same analogy 
applies to Voc- 


Chapter 7 


Each tap voltage is positive because the negative terminal of the voltage source 
is grounded. 


Potentiometer as a Variable Voltage Divider 


Figure 7-3 shows a voltage divider where one of the resistors is a 10 kQ potentiometer. 
Recall from Chapter 2, Resistors, that the resistance across the outside terminals of a 
potentiometer is fixed or constant. Also, recall that the resistance between the wiper 
arm and either outside terminal varies as the shaft of the potentiometer is rotated. In 
Fig. 7-3, the outside terminals of the potentiometer are labeled A and B, whereas the 
wiper arm is labeled as terminal C. Since the resistance across terminals A and B does 
not vary as the wiper is moved up and down, the total resistance, R+, is calculated as 


Rr = R, + Rag 
= 15 kQ + 10 kQ 
= 25 kQ 


With an applied voltage, V,, of 25 V, the current, Z, is calculated as: 


_ 25V 
25 kQ 


=] mA 
It is important to realize that the current, /, does not vary as the wiper of the poten- 
tiometer is moved up and down. The reason J doesn’t vary is because the resistance, 
Rap, has a fixed value of 10 KQ. 
The voltage across terminals A and B of the potentiometer can be calculated 
using the voltage divider rule: 
Rap 
Ry 


_ 10kQ 
=z kO % 2 V 


=10V 


Vag = X Vr 


With 10 V across the outside terminals of the potentiometer, the voltage at terminal 
C, with respect to ground, is adjustable over a range of 0 to 10 V. Assuming the 
potentiometer has a linear taper, the voltage at the wiper arm varies linearly as the 
shaft of the potentiometer is rotated through its range. For example, if the wiper is 
positioned midway between terminals A and B, the voltage from terminal C to 
ground is 5 V. 


Figure 7-3 Variable voltage divider. 


R,= 15 kQ 
+ A 
Vr =25 V = 
— C 
Ras = 10 kQ 
Voltmeter 
B 
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CALCULATOR 


To use the calculator for a problem 
like this with current division 
between two branch resistances, 
as in Formula (7-2), there are 
several points to note. The 
numerator has the R of the branch 
opposite from the desired /. In 
adding R, and R,, the parentheses 
(parens) keys (©) and Q)should 
be used. The reason is that both 
terms in the denominator must 
be added before the division. The 
procedure for calculating /, in 


Fig. 7-4 can be as follows: 
Punch in 4 for R>. 

Press the ()key followed by the 
opening parens key ©. 


Punch in 2 +)4 for R, and R, 
followed by the closing parens 
key O): The sum of 6 will be 
displayed. 


Press (x) and 30, then press © 
to display the answer 20 for /,. 
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Advantage of the Voltage Divider Method 


Using Formula (7—1), we can find the proportional voltage drops from V; and the 
series resistances without knowing the amount of /. For odd values of R, calculating 
the J may be more troublesome than finding the proportional voltages directly. Also, 
in many cases, we can approximate the voltage division without the need for any 
written calculations. 


E 7-1 Self-Review 


Answers at the end of the chapter. 


Refer to Fig. 7-1 for a to c. 

How much is R,? 

What fraction of the applied voltage is V,? 

If each resistance is doubled in value, how much is V,? 

In Fig. 7-2b, how much is the voltage V,,, if resistors R, and R, are 

interchanged? 

e. In Fig. 7-3, what is the adjustable voltage range at terminal C if the 
applied voltage, V,,, is changed to 15 V? 


Bop f 


7-2 Current Divider with Two 
Parallel Resistances 


It is often necessary to find the individual branch currents in a bank from the resis- 
tances and [,, but without knowing the voltage across the bank. This problem can be 
solved by using the fact that currents divide inversely as the branch resistances. An 
example is shown in the current divider in Fig. 7-4. The formulas for the two 
branch currents are as follows: 


R, 
h=gy r” 
R, 
L = Ran L (7-2) 


Formula 7-2 is called the current divider rule (CDR) because it allows us to 
calculate the branch currents in a parallel circuit without knowing the value of the 
applied voltage, V,. 

Notice that the formula for each branch Z has the opposite R in the numerator. The 
reason is that each branch current is inversely proportional to the branch resistance. 


Figure 7-4 Current divider with two branch resistances. Each branch / is inversely 
proportional to its R. The smaller R has more /. 
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Figure 7-5 Example of a very large R, 
in parallel with a small R,. For the branch 
currents, the small R, has almost the 
entire total line current, h. 


I, = 1000 mA 


GOOD TO KNOW 


For any number of resistances in 
parallel, the individual branch 
currents can be calculated as 

i a x lq, where lęk and R 
represent the individual branch 
current and resistance, 
respectively. This is another form 


of the current divider rule (CDR). 
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The denominator is the same in both formulas, equal to the sum of the two branch 
resistances. 

To calculate the currents in Fig. 7-4, with a 30-A J,, a 2-Q R, and a 4-Q R,, 
use the current divider rule: 


4 


= 774 x 30 
—4 
=% x30 
[,=20A 
For the other branch, 
= 2 
L 744% 30 
=2 
=% x 30 
L=10A 


With all the resistances in the same units, the branch currents are in units of 7. 

In fact, it is not necessary to calculate both currents. After one Z is calculated, the 
other can be found by subtracting from /,. 

Notice that the division of branch currents in a parallel bank is opposite from the 
voltage division of resistance in a series string. With series resistances, a higher 
resistance develops a higher ZR voltage proportional to its R; with parallel branches, 
a lower resistance takes more branch current, equal to V/R. 

In Fig. 7-4, the 20-A J, is double the 10-A J, because the 2-Q R, is one-half the 
4-Q R,. This is an inverse relationship between J and R. 

The inverse relation between / and R in a parallel bank means that a very large 
R has little effect with a much smaller R in parallel. As an example, Fig. 7-5 shows 
a 999-kQ R, in parallel with a 1-kQ R, dividing the /, of 1000 mA. The branch cur- 
rents are calculated as follows: 


_ 999 
1, = F909 * 1000 mA 


= 999 mA 


_ 1 
I, = 7999 X 1000 mA 


=] mA 


The 999 mA for J, is almost the entire line current of 1000 mA because R, is so 
small compared with R,. Also, the smallest branch R dissipates the most power 
because it has the most /. 

The current divider rule, Formula (7-2), can be used only for two branch resis- 
tances. The reason is the inverse relation between each branch / and its R. In com- 
parison, the voltage divider rule, Formula (7—1), can be used for any number of 
series resistances because of the direct proportion between each voltage drop V and 
its R. 

For more branches, it is possible to combine the branches to work with only two 
divided currents at a time. However, a better method is to use parallel conductances, 
because / and G are directly proportional, as explained in the next section. 


E 7-2 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 7—4. 
a. What is the ratio of R, to R,? 
b. What is the ratio of Z, to I,? 
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GOOD TO KNOW 


Formula 7-3 is yet another form 


of the current divider rule (CDR). 


CALCULATOR 


To calculate /, with a calculator, 
use the same procedure 
described before with Formula 
(7-1) for voltage dividers. Using 
Formula (7-3) for a proportional 
current divider with 
conductance, first divide G by G, 
and then multiply the answer by 
l+. The key strokes will be as 
follows: CORE) TS) 
Remember that both Formulas 
(7-1) and (7-3) are mathematically 


similar as a direct proportion. 
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7-3 Current Division by Parallel 
Conductances 


Remember that the conductance G is 1/R. Therefore, conductance and current are 
directly proportional. More conductance allows more current, for the same V. With 
any number of parallel branches, each branch current is 


1=£ x1, (7-3) 


where G is the conductance of one branch and G+ is the sum of all the parallel con- 
ductances. The unit for G is the siemens (S). 

Note that Formula (7—3), for dividing branch currents in proportion to G, has the 
same form as Formula (7—1) for dividing series voltages in proportion to R. The 
reason is that both formulas specify a direct proportion. 


Two Branches 


As an example of using Formula (7-3), we can go back to Fig. 7-4 and find the 
branch currents with G instead of R. For the 2 Q of R,, the G, is 4=0.5 S. The 4 Q 
of R, has G, of 4 = 0.25 S. Then G} is 0.5 + 0.25 = 0.75 S. 

The J, is 30 A in Fig. 7—4. For the branch currents, 


G 
L=% *h=035*30A 


I,=20A 
This 20 A is the same /, calculated before. 
For the other branch, J, is 30 — 20 = 10 A. Also, J, can be calculated as 0.25/0.75 
or % of I for the same 10-A value. 


Three Branches 


A circuit with three branch currents is shown in Fig. 7-6. We can find G for the 
10-Q R,, 2-Q R,, and 5-Q R, as follows. 


GR = Too pi 
ees ee 
ae ga 
i or 


Figure 7-6 Current divider with branch conductances G,, G3, and G3, each 
equal to 1/R. Note that S is the siemens unit for conductance. With conductance values, 
each branch / is directly proportional to the branch G. 
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Remember that the siemens (S) unit is the reciprocal of the ohm (Q) unit. The total 
conductance then is 
G,=G,+G,+G, 
=0.14+0.5+40.2 
G,=0.88S 
The J, is 40 mA in Fig. 7—6. To calculate the branch currents with For- 
mula (7-3), 
I, =0.1/0.8 x 40 mA = 5 mA 
L = 0.5/0.8 x 40 mA = 25 mA 
L = 0.2/0.8 x 40 mA = 10 mA 
The sum is 5 + 25 + 10 = 40 mA for L. 
Although three branches are shown here, Formula (7-3) can be used to find the 
currents for any number of parallel conductances because of the direct proportion 


between J and G. The method of conductances is usually easier to use than the 
method of resistances for three or more branches. 


E 7-3 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 7-6. 
a. What is the ratio of G, to G,? 
b. What is the ratio of I, to I,? 


7-4 Series Voltage Divider 
with Parallel Load Current 


The voltage dividers shown so far illustrate just a series string without any branch 
currents. However, a voltage divider is often used to tap off part of the applied volt- 
age for a load that needs less voltage than V,. Then the added load is a parallel 
branch across part of the divider, as shown in Fig. 7-7. This example shows how the 
loaded voltage at the tap F is reduced below the potential it would have without the 
branch current for R,. 


Figure 7-7 Effect of a parallel load in part of a series voltage divider. (a) R, and R, in series without any branch current. 
(b) Reduced voltage across R, and its parallel load R,. (©) Equivalent circuit of the loaded voltage divider. 
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Why the Loaded Voltage Decreases 


We can start with Fig. 7—-7a, which shows an R,—R, voltage divider alone. Resis- 
tances R, and R, in series simply form a proportional divider across the 60-V source 
for Vr. 

For the resistances, R, is 40 kQ and R, is 20 KQ, making R, equal to 60 kQ. Also, 
the current Z = V,,/R,, or 60 V/60 kQ = 1 mA. For the divided voltages in Fig. 7—7a, 


v =% x60V=40V 


V, = 2 x60V=20V 
Note that V, + V, is 40 + 20 = 60 V, which is the total applied voltage. 

However, in Fig. 7—7b, the 20-kQ branch of R, changes the equivalent resistance 
at tap F to ground. This change in the proportions of R changes the voltage division. 
Now the resistance from F to G is 10 KQ, equal to the 20-kQ R, and R, in parallel. 
This equivalent bank resistance is shown as the 10-kQ R, in Fig. 7—7c. 

Resistance R, is still the same 40 kQ because it has no parallel branch. The new 
R, for the divider in Fig. 7—-7c is 40 kQ +10 kQ = 50 KQ. As a result, V, from F to 
G in Fig. 7—6c becomes 


_ Re _ 10 
Ve ee ap 
V,=12V 


Therefore, the voltage across the parallel R, and R, in Fig. 7—7b is reduced to 12 V. 
This voltage is at the tap F for R,. 

Note that V, across R, increases to 48 V in Fig. 7—-7c. Now V, is 40/50 x 60 V = 
48 V. The V, increases here because there is more current through R,. 

The sum of V, + V, in Fig. 7—7c is 12 + 48 = 60 V. The JR drops still add to equal 
the applied voltage. 


Path of Current for R, 


All current in the circuit must come from the source V,. Trace the electron flow for 
R, It starts from the negative side of V,, through R,, to the tap at F, and returns 
through R, in the divider to the positive side of V,. This current J, goes through R, 
but not R,. 


Bleeder Current 


In addition, both R, and R, have their own current from the source. This current 
through all the resistances in the divider is called the bleeder current /,. The elec- 
tron flow for J, is from the negative side of V;, through R, and R,, and back to the 
positive side of Vy. 

In summary, then, for the three resistances in Fig. 7—7b, note the following 
currents: 


1. Resistance R, has just its load current /,. 
2. Resistance R, has only the bleeder current J,. 
3. Resistance R, has both /, and Z. 


Note that only R, is in the path for both the bleeder current and the load 
current. 
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GOOD TO KNOW 


A loaded voltage divider is just a 
practical application of a series- 


parallel circuit. 


E 7-4 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 7-7. 
a. What is the proportion of R,/R, in Fig. 7-7a? 
b. What is the proportion of R,,/R, in Fig. 7-7c? 


7-5 Design of a Loaded Voltage Divider 


These principles can be applied to the design of a loaded voltage divider, like the 
one shown in Fig. 7—8. This type of circuit is used when it is necessary or desired to 
obtain different load voltage and load current values from a single supply voltage. 
The loads D, E, and F represent individual circuits within a complex electrical sys- 
tem. Each of these loads requires different voltage and current values for normal 
operation. 

Note the load specifications in Fig. 7-8. Load F needs 18 V from point F to chas- 
sis ground. When the 18 V is supplied by this part of the divider, a 36-mA branch 
current will flow through the load. Similarly, 40 V is needed at tap E for 54 mA of 
I, in load E. Also, 100 V is available at D with a load current Jp of 180 mA. The total 
load current here is 36 + 54 + 180 = 270 mA. 

In addition, the bleeder current /, through the entire divider is generally specified 
at about 10% of the total load current. For the example here, /, is taken as 30 mA to 
make a total line current J, of 270 + 30 = 300 mA from the voltage source. 
Remember that the 30-mA J, flows through R,, R,, and R}. 

The design problem in Fig. 7-8 is to find the values of R,, R,, and R, needed to 
provide the specified voltages. Each R is calculated as its ratio of V/I. However, 
the question is what are the correct values of V and Z to use for each part of the 
divider. 


Figure 7-8 Voltage divider for different voltages and currents from the source V,. See text for design calculations to find the 


values of R}, R», and R3. 


L + Ip + Ip + Ie + Ip = 300 mA D 100 V 180 mA for load D 
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1 
[i 
L= Te + Ie + le =120 mA 


40 V 54 mA for load E 


L = Íe + I- = 66 mA T R, 


18 V 36 mA for load F 


225 


226 


Table 7-1 Design Values for Voltage Divider 


For Figure 7-8 Current, mA Voltage, V Resistance, Q 
R, 30 18 600 
Re 66 22 33335} 
Re 120 60 500 


Find the Current in Each R 


We start with R, because its current is only the 30-mA bleeder current J,. No load 
current flows through R,. Therefore, 7, through R, equals 30 mA. 

The 36-mA current J, for load F returns to the source through R, and R,. Consid- 
ering just R, now, its current is the 7, load current and the 30-mA bleeder current 7%. 
Therefore, 7, through R, is 36 + 30 = 66 mA. 

The 54-mA current J, for load E returns to the source through R, alone. However, 
R, also has the 36-mA J, and the 30-mA J/,. Therefore, /, through R, is 54 + 36 
+ 30 = 120 mA. The values for /,, Z, and J, are given in Table 7-1. 

Note that the load current J for load D at the top of the diagram does not flow 
through R, or any of the resistors in the divider. However, the Jp of 180 mA is the 
main load current through the source of applied voltage. The 120 mA of bleeder and 
load currents plus the 180-mA J, load add to equal 300 mA for J, in the main line 
of the power supply. 


Calculate the Voltage across Each R 


The voltages at the taps in Fig. 7—8 give the potential to chassis ground. But we need 
the voltage across the two ends of each R. For R,, the voltage V, is the indicated 18 V 
to ground because one end of R, is grounded. However, the voltage across R, is the 
difference between the 40-V potential at point E and the 18 V at F. Therefore, V, is 
40 — 18 = 22 V. Similarly, V, is calculated as 100 V at point D minus the 40 V at E, 
or, V; is 100 — 40 = 60 V. These values for V,, V,, and V, are summarized in Table 7-1. 


Calculating Each R 


Now we can calculate the resistance of R,, R,, and R, as each V/I ratio. For the val- 
ues listed in Table 7-1, 


_ 18 V 


R = 7'= 35 pA = 0-6 KQ = 600.2 
ae _ 
y= P= ay = 0.333 kQ = 333. Q 


-60V _ = 
= 790 mA = 0:9 KS = 500 Q 


When these values are used for R,, R,, and R, and connected in a voltage divider 
across the source of 100 V, as in Fig. 7—8, each load will have the specified voltage 
at its rated current. 


E 7-5 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 7-8. 

How much is the bleeder current 7, through R,, R, and R,? 

How much is the voltage for load E at tap E to ground? 

How much is V, across R,? 

If load D opens, how much voltage will be measured at tap F to ground? 
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Summary 


na series circuit, V; is divided into 
IR voltage drops proportional to the 
resistances. Each V} = (R/R) X V, 
for any number of series 
resistances. The largest series R has 
the largest voltage drop. 


n a parallel circuit, /; is divided into 
branch currents. Each / is inversely 
proportional to the branch R. The 


inverse division of branch currents 


Important Terms 


Bleeder current — the current that 
flows through all resistors in a loaded 
voltage divider. The bleeder current, 
designated /,, is generally specified at 
about 10% of the total load current. 


Current divider — any parallel circuit 
is a current divider in which the 
individual branch currents are 
inversely proportional to the branch 
resistance values. With respect to 
conductances, the individual branch 
currents are directly proportional to 
the branch conductance values. 


Related Formulas 


RER X Vi 
Fort istors | llel: 4 =>—>- 
or two resistors in parallel: h = 

P 1 RFR 
[= s xh 


Self-Test 


Answers at the back of the book. 


1. In a series circuit, the individual 
resistor voltage drops are 


a. inversely proportional to the 
series resistance values. 


b. proportional to the series 
resistance values. 


c. unrelated to the series resistance 
values. 


d. none of the above 
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is given by Formula (7-2) for only 
two resistances. The smaller branch 
R has the larger branch current. 


For any number of parallel 
branches, |, is divided into branch 
currents directly proportional to 
each conductance G. Each / = 


(G/G,) X h. 


Current divider rule (CDR) — a formula 
that allows us to calculate the 
individual branch currents in a 
parallel circuit without knowing the 
value of the applied voltage. See 
Formulas (7—2) and (7-3). 

Load currents — the currents drawn 
by the electronic devices and/or 
components connected as loads in 
a loaded voltage divider. 


Loaded voltage — the voltage at a point 
in a series voltage divider where a 
parallel load has been connected. 


2. Ina parallel circuit, the individual 
branch currents are 


a. not related to the branch 
resistance values. 


b. directly proportional to the branch 
resistance values. 


c. inversely proportional to the 
branch resistance values. 


d. none of the above 


A series voltage divider is often 
tapped for a parallel load, as in 
Fig. 7-7. Then the voltage at the 
tap is reduced because of the load 
current. 


The design of a loaded voltage 
divider, as shown in Fig. 7-8, 
involves calculating each R. Find the 
l and potential difference V for each 


R.ThenR=V/I. 


Voltage divider — any series circuit 
is a voltage divider in which the 
individual resistor voltage drops 
are proportional to the series 
resistance values. 


Voltage taps — the points in a series 
voltage divider that provide different 
voltages with respect to ground. 


Voltage divider rule (VDR) — a formula 
that allows us to calculate the 
voltage drops in a series circuit 
without knowing the current, /. 

See Formula (7-1). 


3. Three resistors R,, R,,and R, are 
connected in series across an 
applied voltage, V,, of 24 V. If R, 
is one-third the value of R,, how 
much is V,? 


a. 8V. 
b. 16V. 
c. 4V. 


d. It cannot be determined. 
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4. Two resistors R, and R, are in 8. In Fig. 7-9, how much is the total 


parallel. If R, is twice the value of R,, Figure 7-9 current, 4? 
how much is J, in R, if 4 equals 6 A? 4500.4 
a.lA. c. BA. b. 400 mA 
b.2A. d. 4A. c. 100 mA 
d. 300 mA 


5. Two resistors R, and R, are in 
parallel. If the conductance, G,, of R, 
is twice the value of the conductance, 
G, of R,, how much is I, if |; = 6 A? 


9. In Fig. 7-9, what is the voltage, Vgc, 
if load B becomes open? 


31A. a.18V 
b. 2A. b. 19.2 V 
c 3A. NA 
d. 4A. d.22.15V 


10. In Fig. 7—9 , what happens to the 


PROBLEMS 6-10 REFERTO 
voltage, Vgc, if load A becomes 


FIG. 7-9. 


? 
7. In Fig. 7—9, how much is the bleeder mgr 
6. In Fig. 7-9, how much is J, in R,? current, /,? a. It increases. 
a. 400 mA. a. 500 mA b. It decreases. 
b. 300 mA. b. 400 mA c. It remains the same. 
c. 100 mA. c. 100 mA d. It cannot be determined. 
d. 500 mA. d. 300 mA 
Essay Questions 
1. Define series voltage divider. 6. What is the main difference between the circuits in 


Fig. 7—7a and b? 


2. Define parallel current divider. 
7. Referring to Fig. 7-1, why is V, series-aiding with V, and 


3. Give two differences between a series voltage divider V; but in series opposition to V}? Show the polarity of 
and a parallel current divider. each /R drop. 

4. Give three differences between Formula (7—2) for 8. Show the derivation of Formula (7—2) for each branch 
branch resistances and Formula (7-3) for branch current in a parallel bank of two resistances. [Hint: The 
conductances. voltage across the bank is |; X Req and Reg is R, Ro/ 

(R, + R;).] 


5. Define bleeder current. 


Problems 


SECTION 7-1 SERIES VOLTAGE DIVIDERS 


Figure 7-10 
7-1 A100 QR, is in series with a 200-Q R, and a 300-Q R}. 
The applied voltage, V}, is 18 V. Calculate V,, V», and V3. 
7-2 A 10-kQ R is in series with a 12-kQ R, a 4.7-kQ R, and 
a 3.3-kQ R,. The applied voltage, V}, is 36 V. Calculate V, mike 
V, V3, and V}. 
7-3 In Fig. 7-10, calculate V,, Vz, and V3. eT ony R,=15kQ 


7-4 In Fig. 7-10, recalculate V,, V, and V; if R, = 
10 Q, R, =12Q,R,=18Q, and V, = 20V. 

7-5 In Fig. 7-11, calculate V,, V2, and V;. Note that resistor R= 2kQ 

R is three times the value of R, and resistor R} is two 

times the value of R>. 
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Figure 7-11 Figure 7-13 


7-6 In Fig. 7-12, calculate 
a. V,, V5, and Vz. 


b. Vacs Vag, and Veg. 


Figure 7-12 


7-9 In Fig. 7-14, solve for 
a. V,, V5, V3, and Vy 


b. Vacs Vacs Veg, and Voc: 


Figure 7-14 


7-7 In Fig. 7-12, change R,, R>, R3, and the applied voltage, 
V, to the following values: R, = 9 kQ, R, = 900 Q, R, = 
100 Q, and V, = 10 V. Then, recalculate 
a. V,,V,,and Vz 
b. Vacs Vag, and Veg: 

7-8 In Fig. 7-13, solve for 


a. V,, V5, V3, and V,. 


b. Vics Vecs Veg, and Vog: 
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7-10 In Fig. 7-15, solve for 
a. Vp V5, V3, Va and V5. 


b. Vices Vag» Veg, and Vog: 


Figure 7-15 


R, = 900 KQ 


7-11 In Fig. 7-16, solve for 
a. The total resistance, R}. 
b. The series current, /. 


c. The voltages V, and Vj. 


d. The voltage range available at the wiper arm C. 


Figure 7-16 

R,= 10 KQ 

+ A 

Vr =24V = 
aa Cc 
Rag = 5 kQ 
Voltmeter 

B 
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7-12 In Fig. 7-17, solve for 
a. The total resistance, R}. 
b. The series current, /. 


c. The voltages V, and Vag. 


d. The voltage range available at the wiper arm C. 


Figure 7-17 


Vz =15 


+ 
Y= 
= C 
Ras =1KQ 
Voltmeter 
B 


SECTION 7-2 CURRENT DIVIDER WITH TWO 
PARALLEL RESISTANCES 
7-13 In Fig. 7—18, solve for 4 and h. 


Figure 7-18 


R,=1.2 kQ R,=2.4KQ 


7-14 In Fig. 7-19, solve for /, and h. 


Figure 7-19 


R,=60Q R,=209 
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7-15 In Fig. 7—20, solve for h and h. 


Figure 7-20 


R,=102 R,=400 


7-16 In Fig. 7-21, solve for h and h. 


Figure 7-21 


R,=1kQ R,=1kQ 


7-17 In Fig. 7—22, solve for h and h. 


Figure 7-22 


R,= 1509 R,=1002 


SECTION 7-3 CURRENT DIVISION BY PARALLEL 
CONDUCTANCES 
7-18 In Fig. 7—23, solve for h, h, and h. 
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Figure 7-23 


R,=200 R,=152 


7-19 In Fig. 7—24, solve for /,, h, and h. 


Figure 7-24 


R,=102 R,=122 


7-20 In Fig. 7-25, solve for /,, h, and h. 


Figure 7-25 


1,=150 mA 


R,=2.2kQ R,=330Q 


7-21 In Fig. 7—26, solve for /,, h, and h. 


Figure 7-26 


R,= 2209 R,=6002 
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7-22 In Fig. 7-27, solve for h, h, h, and l4. 


Figure 7-27 


R =1KQ R,=160Q 


7-23 In Fig. 7—28, solve for h, h, h, and l4. 


Figure 7-28 


R,=1502 R, =50Q 


SECTION 7-4 SERIES VOLTAGE DIVIDER WITH 
PARALLEL LOAD CURRENT 
7-24 In Fig. 7-29, calculate /,,/5,/,, Vag, and Vag with 


a. S, open. 


b. S, closed. 


Figure 7-29 


R,=602 


7-25 In Fig. 7—29, explain why the voltage, Vgc, decreases 
when the switch, S, is closed. 
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7-26 In Fig. 7—30, calculate /,, lh, h, Vag, and Vag with 
a. S, open. 


b. S, closed. 


Figure 7-30 


R, =1502 


7-27 With S, closed in Fig. 7—30, which resistor has only the 
bleeder current, /,, flowing through it? 


7-28 In Fig. 7-31, calculate h, h, h, Vag, and Vag with 
a. S, open. 


b. S, closed. 


Figure 7-31 


R,=2kQ 


SECTION 7-5 DESIGN OF A LOADED 
VOLTAGE DIVIDER 


7-29 \f the bleeder current, /,, is 10% of the total load current 
in Fig. 7-32, solve for 


a. 1, 1,13, and ir 
b. V,, V5, and V3. 
c. R,,R5, and Rs. 


d. The power dissipated by R,, Rə, and R3. 
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Figure 7-32 


Load B 
15 V, 45 mA 


7-30 |f the bleeder current, /,, is 10% of the total load current 
in Fig. 7-33, solve for 


a. 1,1, 1/;,and he 
b. V, V3, and V3. 
c. R,, Rj, and Ra 


d. The power dissipated by R,, R», and R3. 


Figure 7-33 


Load A 
18 V, 60 mA 


Load C 
5 V, 10 mA 


7-31 If the bleeder current, lg, is 6 mA in Fig. 7—34, solve for 
a. 1,1, /;,and hy 


b. V, V5, and V}. 
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Load A 
25 V, 10 mA 


c. R,,Rj,and Rye 


d. The power dissipated by R}, R», and R3. 


Figure 7-34 


Load A 
24V,30 mA 


Load B 
15 V, 20 mA 


Load C 
9 V, 12 mA 


7-32 |f the bleeder current, /,, is 15 mA in Fig. 7-35, solve for 
a hiala aadi 
b. V, V, and V,. 
c. Re Ryand R3. 


d. The power dissipated by R,, R», and R3. 


Figure 7-35 


Load A 
90 V, 90 mA 
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Critical Thinking 


7-33 Refer to Fig. 7—36. Select values for R, and R; that will 7-34 Design a loaded voltage divider, using a 25-V supply, to 


allow the output voltage to vary between 6 V and 15 V. meet the following requirements: load A = 25 V, 10 mA; 
oad B = 15 V, 45 mA; load C = 6 V, 5 mA; l = 10% of 


total load current. Draw the schematic diagram 
including all values. 


Figure 7-36 
7-35 Design a loaded voltage divider, using a 24-V supply, to 

meet the following requirements: load A = 18 V, 10 mA; 

oad B = 12 V, 30 mA; load C = 5 V, 6 mA; l = 10% of 

total load current. Draw the schematic diagram 

R, including all values. 


7-36 Design a loaded voltage divider, using a 25-V supply, to 
A meet the following requirements: load A = 20 V, 25 mA; 
oad B = 12 V, 10 mA; load C = —5 V, 10 mA; total 
current |, = 40 mA. Draw the schematic diagram 


+ 
C . $ 
V,=24V R,=1KQ2 including all values. 


B (Voltmeter) 


Troubleshooting Challenge 


lable 7—2 shows voltage measurements taken in Fig. 7-37. 
The first row shows the normal values when the circuit is 
operating properly. Rows 2 to 9 are voltage measurements 
taken when one component in the circuit has failed. For each 
row, identify which component is defective and determine 
the type of defect that has occurred in the component. 

Table 7-3 shows voltage measurements taken in Fig. 7-38. 
The first row shows the normal values when the circuit is 
operating properly. Rows 2 to 9 are voltage measurements 
taken when one component in the circuit has failed. For each 
row, identify which component is defective and determine 
the type of defect that has occurred in the component. 


Figure 7-37 Series voltage divider for Troubleshooting 
Challenge. 
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Table 7-2 Voltage Measurements Taken in Figure 7-37 


Vac Vac Veg Vee Defective Component 
VOLTS 

1 Normal values 25 20 U5) 25 None 
2 Trouble 1 25 25 (0) (0) 

3 Trouble 2 25 (0) (0) (0) 

4 Trouble 3 25 175 B25 3.125 

5 Trouble 4 25 25 25 25 

6 Trouble 5 25 15 15 5 

7 Trouble 6 25 25 IBS 3125 

8 Trouble 7 25 25 25 (0) 

9 Trouble 8 25 19.4 5756 (0) 


Table 7-3 Voltage Measurements Taken in Figure 7-38 


Defective 
Ya Vo V: A Comments Component 
VOLTS 
1 Normal values 36 24 15 6 = None 
2 Trouble 1 36 52 (0) (0) = 
3 Trouble 2 36 16.94 0) 0) R, Warm 
4 Trouble 3 36 25.52 18.23 0) — 
5 Trouble 4 36 0) o 0) R, Hot 
6 Trouble 5 36 0) (0) (0) = 
7 Trouble 6 36 27.87 23.23 9.29 — 
8 Trouble 7 36 2325 13.4 (0) = 
9 Trouble 8 36 36 225 G) = 
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Figure 7-38 


® R, = 200 9/2 W 


Answers to Self-Reviews 


N 


-1 100 kQ 
100 V 
= TO2V 
0.6 V 


Pangp 


ās 2t01 
b. 1to2 


7-3 a. 2tol 
b. 2to1 


Laboratory Application Assignment 


In this lab application assignment, you will examine unloaded 
voltage dividers, current dividers, and loaded voltage dividers. 
You will also be presented with a challenging design problem 
involving loaded voltage dividers. 


Equipment: Obtain the following items from your instructor. 


+ Variable dc power supply 
* Assortment of carbon-film resistors 
< DMM 


Unloaded Voltage Divider 


Examine the unloaded voltage divider in Fig. 7-39. Using 
Formula (7-1), calculate and record the following voltages: 
Vag = 


Veg = Veg = > 


Voc = 
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Loaded voltage divider for Troubleshooting Challenge. 


R, = 200 QA W 


R, = 600 Q/⁄4 W 


. Cha) X V, 


Load A 
24 V, 15 mA 


Load C 
6 V, 10 mA 


7-4 a. '/3 
b. '/5 


a. 30mA 
b. 40V 
ce. 22V 
d. 18V 


Construct the voltage divider in Fig. 7-39. Measure and record 
the following voltages: 


AG == Vag = Veg = > 


De 


ow does the ratio R,/R, compare to the ratio Voo / V1? 


ow does the ratio (R; + R,)/R; compare to the ratio Ves / V1? 


ow does the ratio (R, + R, + R,)/R; compare to the ratio 
ac/ Vy? 
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: Series Voltage Divider with Parallel Load Current 
Figure 7-39 
n Fig. 7-41, calculate 4, h, l Vag, and Vag with S} open. 


h= h= — 


ext, calculate /,,/,,/,, Vag, and Vy, with S, closed. 


= V 


Construct the circuit in Fig. 7-41. With S, open, measure and 
record the following values: h, h, hs Vac, and Vac. 


|= L= L= 


+ 
v =25V = VWs = —— Vg, = 
Next, close S} and re-measure h, h, l Veg, and Vis- 
h= h= — 
Vg =— Ve 
Did the voltage Vgc increase, decrease, or stay the same when 
S, was closed? 
Why? 
= = Did the voltage V,, increase, decrease, or stay the same when 
S, was closed? 
Current Divider Why? 


Examine the current divider in Fig. 7—40. Using Formula (7-2), 
calculate and record the currents, / and h: 


L= h= 


Figure 7-41 
Construct the current divider in Fig. 7—40. Adjust the DC 
voltage source until the total current, 4 (as indicated by the 
DMM) measures exactly 15 mA. Now move the DMM to 
measure the individual branch currents, /, and /,. Record your 
measured values. 


L= h= 


+ 
How does the ratio /,//, compare to the ratio R,/R,? V,=24V == 
What is unique about comparing these ratios? —____ 7 Alas 
a R = 1.5 kQ 
Figure 7-40 = = = 
Design Challenge 


Using a 24-V supply, design and build a loaded voltage divider 
to meet the following requirements: 


R, =1.8 kQ LoadA=24V@15mA 
oad 1 YS) MA 
LoadC=9V@/7.5mA 
lẹ should equal approximately 10% of the total load current 
Note: Use standard resistors for the actual loads. 


Design credit Multisim: OStockbyte/Getty Images 
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Analog and Digital 
Multimeters 


he digital multimeter (DMM) is the most common measuring instrument used by 
i tenes technicians. Its main application is for measuring voltage, current, and 
resistance. However, most DMMs available today can also test diodes and measure 
capacitance values. A DMM uses a numeric display to indicate the value of the 
measured quantity. 


An analog multimeter uses a moving pointer and a printed scale. Like a DMM, an 
analog multimeter can measure voltage, current, and resistance. One disadvantage 
of an analog multimeter, however, is that the meter reading must be interpreted 
based on where the moving pointer rests along the printed scale. Although analog 
multimeters find somewhat limited use in electronics, there is great value in 
understanding their basic construction and operation. One of the main reasons for 
covering analog meters is that the concepts of series, parallel, and series-parallel 
circuits learned earlier are applied. In this chapter, you will be provided with a basic 
overview of the construction and operation of an analog meter as well as a concept 


called voltmeter loading. You will also learn about the main features ofa DMM. E 


8-1 Moving-Coil Meter 8-6 Multimeters 

8-2 Meter Shunts 8-7 Digital Multimeter (DMM) 

8-3 Voltmeters 8-8 Meter Applications 

8-4 Loading Effect of a Voltmeter 8-9 Checking Continuity with the Ohmmeter 


8-5 Ohmmeters 


After studying this chapter, you should be able to 


Æ Explain the difference between analog and Æ Explain the ohms-per-volt rating of a 
digital meters. voltmeter. 
Æ Explain the construction and operation of a m Explain what is meant by voltmeter loading. 
moving-coil meter. Æ Explain how a basic moving-coil meter can be 
@ Calculate the value of shunt resistance used with a battery to construct an 
required to extend the current range of a ohmmeter. 
basic moving-coil meter. m  Listthe main features of a digital multimeter. 


Œ Calculate the value of multiplier resistance 
required to make a basic moving-coil meter 
capable of measuring voltage. 


amp-clamp probe digital multimeter (DMM) shunt resistor 

analog multimeter loading effect zero-ohms adjustment 
back-off ohmmeter scale multiplier resistor 

continuity testing ohms-per-volt (Q/V) rating 
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8-1 Moving-Coil Meter 


Figure 8—1 shows two types of multimeters used by electronic technicians. Figure 
8-la shows an analog volt-ohm-milliammeter (VOM), and Fig. 8—1b shows a 
DMM. Both types are capable of measuring voltage, current, and resistance. 

A moving-coil meter movement, as shown in Fig. 8-2, is generally used in an 
analog VOM. The construction consists of a coil of fine wire wound on a drum 
mounted between the poles of a permanent magnet. When direct current flows in 
the coil, the magnetic field of the current reacts with the magnetic field of the per- 
manent magnet.* The resultant force turns the drum with its pointer, winding up the 
restoring spring. When the current is removed, the pointer returns to zero. The 
amount of deflection indicates the amount of current in the coil. When the polarity 
is connected correctly, the pointer will read up-scale, to the right; the incorrect 
polarity forces the pointer off-scale, to the left. (It is interesting to note that the 
moving-coil arrangement is often called a D’Arsonval movement, after its inventor 
who patented this meter movement in 1881.) 

The pointer deflection is directly proportional to the amount of current in the 
coil. If 100 uA is the current needed for full-scale deflection, 50 uA in the coil will 
produce half-scale deflection. The accuracy of the moving-coil meter mechanism 
is 0.1-2%. 


Values of lm 


The full-scale deflection current Jņ is the amount needed to deflect the pointer all 
the way to the right to the last mark on the printed scale. Typical values of Jų are 
from about 10 uA to 30 mA. In a VOM, the Jņ is typically either 50 uA or 1 mA. 


Figure 8-1 Typical multimeters used for measuring V, /, and R. (a) Analog VOM. (b) DMM. 


Courtesy of MCM Electronics 


(a) (b) 


* For more details on the interaction between two magnetic fields, see Chapter 14, “Electromagnetism.” 
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Courtesy of Fluke Corporation, Reproduced with Permission 


GOOD TO KNOW 


Exceeding the value of /,, will 
cause the meter’s pointer to 
deflect beyond the last mark on 
the right-hand side of the printed 
scale. When the moving pointer 
hits the right pointer stop, the 


meter is said to be pegged. 
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Figure 8-2 Construction of a moving-coil meter. The diameter of the coil can be '/2to 1 in. 


Zero adjustment 


Restoring sprin 
for pointer eres 


Moving coil 


Right pointer 


Pointer stop 


Left pointer stop 


Permanent 
magnet 


Iron core 


Moving coil terminal 
(lower terminal not shown) 


Pole pieces 


Refer to the analog VOM in Fig. 8—la. The mirror along the scale is used to 
eliminate reading errors. The meter is read when the pointer and its mirror reflection 
appear as one. This eliminates the optical error called parallax caused by looking at 
the meter from the side. 


Values of ry 


This is the internal resistance of the wire of the moving coil. Typical values range 
from 1.2 Q for a 30-mA movement to 2000 Q for a 50-uA movement. A movement 
with a smaller /,, has a higher rų because many more turns of fine wire are needed. 
An average value of rų for a 1-mA movement is about 50 Q. Figure 8-3 provides a 


Figure 8-3 Close-up view of a D’Arsonval moving-coil meter movement. 
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close-up view of the basic components contained within a D’Arsonval meter move- 
ment. Notice that the moving coil is wound around a drum which rotates when 
direct current flows through the wire of the moving coil. 


E 8-7 Self-Review 


Answers at the end of the chapter. 


a. A D’Arsonval movement has an J,, value of 1 mA. How much is the 
deflection of the meter pointer if the current in the moving coil is 
0.5 mA? 

b. How much is the deflection in question a if the current in the moving 
coil is zero? 


8-2 Meter Shunts 


A meter shunt is a precision resistor connected across the meter movement for the 
purpose of shunting, or bypassing, a specific fraction of the circuit’s current around 
the meter movement. The combination then provides a current meter with an 
extended range. The shunts are usually inside the meter case. However, the sche- 
matic symbol for the current meter usually does not show the shunt. 

In current measurements, the parallel bank of the movement with its shunt is 
connected as a current meter in series in the circuit (Fig. 8-4). Note that the scale of 
a meter with an internal shunt is calibrated to take into account the current through 
both the shunt and the meter movement. Therefore, the scale reads total circuit 
current. 


Resistance of the Meter Shunt 


In Fig. 8—4b, the 1-mA meter movement has a resistance of 50 Q, which is the resis- 
tance of the moving coil rų. To double the range, the shunt resistance R, is made 


Figure 8-4 Example of meter shunt R, in bypassing current around the meter movement to extend the range from 1 to 2 mA. 
(a) Wiring diagram. (b) Schematic diagram showing the effect of the shunt. With R; = rų the current range is doubled. (©) Circuit with 2-mA 
meter to read the current. 
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GOOD TO KNOW 


Memorize these formulas: 
Vary = thy SS ty 


i= hte 


GOOD TO KNOW 


An alternate formula for 


calculating the shunt resistance is 


Analog and Digital Multimeters 


Figure 8-5 Calculating the resistance of a meter shunt. R, is equal to V„/ls. See text for 
calculations. 


Vu = Im tu = 0.05 V 


equal to the 50 Q of the meter movement. When the meter is connected in series in 
a circuit where the current is 2 mA, this total current into one terminal of the meter 
divides equally between the shunt and the meter movement. At the opposite meter 
terminal, these two branch currents combine to provide the 2 mA of the circuit 
current. 

Inside the meter, the current is 1 mA through the shunt and 1 mA through the 
moving coil. Since it is a 1-mA meter movement, this current produces full-scale 
deflection. The scale is doubled, however, reading 2 mA, to account for the addi- 
tional | mA through the shunt. Therefore, the scale reading indicates total current at 
the meter terminals, not just coil current. The movement with its shunt, then, is a 
2-mA meter. Its internal resistance is 50 x 4 = 25 Q. 

Another example is shown in Fig. 8-5. In general, the shunt resistance for any 
range can be calculated with Ohm’s law from the formula 


R; =— (8-1) 


where R, is the resistance of the shunt and /, is the current through it. 
Voltage V,, is equal to Jy, X ry. This is the voltage across both the shunt and the 
meter movement, which are in parallel. 


Calculating /, 


The current through the shunt alone is the difference between the total current 7, and 
the current /,, through the meter movement or 


I, =1y- Ty (8-2) 
Use the values of current for full-scale deflection, as these are known. In Fig. 8-5, 


I,=5-—1=4mA, or 0.004A 


Calculating R, 
The complete procedure for using the formula R, = V,,//, can be as follows: 


1. Find V,,. Calculate this for full-scale deflection as J), X ry. In Fig. 8-5, 
with a 1-mA full-scale current through the 50-Q meter movement, 


Vwa = 0.001 x 50 =0.05 V or S50 mV 

2. Find Z. For the values that are shown in Fig. 8-5, 
I,=5-1=4mA=0.004A or 4mA 

3. Divide V,, by J, to find Ry. For the final result, 
R, = 0.05/0.004 = 12.5 Q 
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GOOD TO KNOW 


When the insertion of a current 
meter reduces the circuit current 
below that which exists without 
the meter present, the effect is 


called current meter loading. 


GOOD TO KNOW 


Most general-purpose analog 
VOMs have an accuracy of about 
+2%. The percent accuracy is 
based on the full-scale reading of 
the meter. This means that for 
readings less than full-scale, the 
percent error is greater than the 
rated value. For example, a meter 
rated at +2% on the 100-V range 
is accurate to within +2 V for any 
voltage measured on this range; 
for example, if 10 V is being 
measured on the 100-V range, 
the reading could be anywhere 
from 8 to 12 V, which is an error 
of +20%. Therefore, it is always 
important to make voltage 
measurements on the lowest 


possible range setting! 
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This shunt enables the 1-mA meter movement to be used for an extended range 
from 0 to5 mA. 

Note that R, and rų are inversely proportional to their full-scale currents. The 
12.5 Q for R, equals one-fourth the 50 Q of rų because the shunt current of 4 mA is 
four times the 1 mA through the meter movement for full-scale deflection. 

The shunts usually are precision wire-wound resistors. For very low values, a 
short wire of precise size can be used. 

Since the moving-coil resistance, rọ, is in parallel with the shunt resistance, 
R,, the resistance of a current meter can be calculated as Ry = R 7 A In general, a 
current meter should have very low resistance compared with the circuit where the 
current is being measured. As a general rule, the current meter’s resistance should 
be no greater than ioo of the circuit resistance. The higher the current range of a 
meter, the lower its shunt resistance, R,, and in turn the overall meter resistance, Ry- 


Example 8-1 

A shunt extends the range of a 50-uA meter movement to 1 mA. How much is 
the current through the shunt at full-scale deflection? 

ANSWER All currents must be in the same units for Formula (8-2). To 
avoid fractions, use 1000 uA for the 1-mA /,. Then 


I, = 1, — Ty = 1000 uA — 50 uA 
I, = 950 uA 


Example 8-2 


A 50-uA meter movement has an ry of 1000 Q. What R, is needed to extend 
the range to 500 uA? 


ANSWER The shunt current /, is 500 — 50, or 450 uA. Then 


Vu 
Rs= 
_ 50 x 10% A x 10° Q _ 50,000 
450 x 10% A 450 
R,= 111.12 


E 8-2 Self-Review 


Answers at the end of the chapter. 


A 50-yA meter movement with a 900-Q r,, has a shunt R, for the 
range of 500 uA. 

How much is Z? 

How much is V,,? 

c. What is the size of R,? 


oP 
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8-3 Voltmeters 


Although a meter movement responds only to current in the moving coil, it is com- 
monly used for measuring voltage by the addition of a high resistance in series with 
the meter movement (Fig. 8—6). The series resistance must be much higher than the 
coil resistance to limit the current through the coil. The combination of the meter 
movement with this added series resistance then forms a voltmeter. The series resis- 
tor, called a multiplier, is usually connected inside the voltmeter case. 

Since a voltmeter has high resistance, it must be connected in parallel to measure 
the potential difference across two points in a circuit. Otherwise, the high-resistance 
multiplier would add so much series resistance that the current in the circuit would 
be reduced to a very low value. Connected in parallel, though, the high resistance of 
the voltmeter is an advantage. The higher the voltmeter resistance, the smaller the 
effect of its parallel connection on the circuit being tested. 

The circuit is not opened to connect the voltmeter in parallel. Because of this 
convenience, it is common practice to make voltmeter tests in troubleshooting. The 
voltage measurements apply the same way to an JR drop or a generated emf. 

The correct polarity must be observed in using a DC voltmeter. Connect the 
negative voltmeter lead to the negative side of the potential difference being mea- 
sured and the positive lead to the positive side. 


Multiplier Resistance 


Figure 8-6 illustrates how the meter movement and its multiplier R, form a voltme- 
ter. With 10 V applied by the battery in Fig. 8—6a, there must be 10,000 Q of resis- 
tance to limit the current to 1 mA for full-scale deflection of the meter movement. 
Since the meter movement has a 50-Q resistance, 9950 Q is added in series, result- 
ing in a 10,000-Q total resistance. Then Zis 10 V/10 kQ = 1 mA. 


Figure 8-6 Multiplier resistor R, added in series with meter movement to form a voltmeter. (a) Resistance of R, allows 1 mA 
for full-scale deflection in 1-mA movement with 10 V applied. (b) Internal multiplier R, forms a voltmeter. The test leads can be connected 
across a potential difference to measure O to 10 V. (©) 10-V scale of voltmeter and corresponding 1-mA scale of meter movement. 
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With 1 mA in the meter movement, the full-scale deflection can be calibrated as 
10 V on the meter scale, as long as the 9950-Q multiplier is included in series with 
the meter movement. It doesn’t matter to which side of the meter movement the 
multiplier is connected. 

If the battery is taken away, as shown in Fig. 8—6b, the meter movement with its 
multiplier forms a voltmeter that can indicate a potential difference of 0 to 10 V 
applied across its terminals. When the voltmeter leads are connected across a poten- 
tial difference of 10 V in a DC circuit, the resulting 1-mA current through the meter 
movement produces full-scale deflection, and the reading is 10 V. In Fig. 8—6c, the 
10-V scale is shown corresponding to the 1-mA range of the meter movement. 

If the voltmeter is connected across a 5-V potential difference, the current in the 
meter movement is /2 mA, the deflection is one-half of full scale, and the reading is 
5 V. Zero voltage across the terminals means no current in the meter movement, and 
the voltmeter reads zero. In summary, then, any potential difference up to 
10 V, whether an JR voltage drop or a generated emf, can be applied across the meter 
terminals. The meter will indicate less than 10 V in the same ratio that the meter 
current is less than 1 mA. 

The resistance of a multiplier can be calculated from the formula 


— Full-scale V _ = 
Rou = Full-scale 7 M (8-3) 


Applying this formula to the example of R, in Fig. 8—6 gives 


__10V 
matt 0.001 A 


Raw = 9950 Q or 9.95 KQ 


mult 


R — 50 Q = 10,000 — 50 


We can take another example for the same 10-V scale but with a 50-uA meter move- 
ment, which is commonly used. Now the multiplier resistance is much higher, 
though, because less J is needed for full-scale deflection. Let the resistance of the 
50-uA movement be 2000 Q. Then 


eee = 2 
Rou = 000 050 A ~ 2000 2 = 200,000 — 2000 


R „a= 198,000 or 198kQ 


Typical Multiple Voltmeter Circuit 


An example of a voltmeter with multiple voltage ranges is shown in Fig. 8-7. 
Resistance R, is the series multiplier for the lowest voltage range of 2.5 V. When 
higher resistance is needed for the higher ranges, the switch adds the required series 
resistors. 


Figure 8-7 A typical voltmeter circuit with multiplier resistors for different ranges. 


R; = R,= R3= R= R,= Ty = 2000 Q 
15 MQ 4MQ 800 kQ 150 MQ 48 MQ 


O + MH ————__ Voltmeter Leads —————————_ — 
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GOOD TO KNOW 


The voltmeter resistance of an 
analog VOM can be measured by 
connecting the leads of a DMM 
to the leads of the analog VOM. 
With the DMM set to measure 
resistance and the VOM set to 
measure voltage, the DMM will 
indicate the voltmeter resistance, 
Ry. The higher the voltmeter 


range, the higher the resistance. 


GOOD TO KNOW 
2 rating = r 

4 rating = F 

Also, 


Ry= 2 rating X V 


range 
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The meter in Fig. 8—7 requires 50 uA for full-scale deflection. For the 2.5-V 
range, a series resistance of 2.5/(50 x 10%), or 50,000 Q, is needed. Since rų is 
2000 Q, the value of R, is 50,000 — 2000, which equals 48,000 Q or 48 kQ. 

For the 10-V range, a resistance of 10/(50 x 10-°), or 200,000 Q, is needed. 
Since R, + rų provides 50,000 Q, R, is made 150,000 Q, for a total of 200,000 Q 
series resistance on the 10-V range. Similarly, additional resistors are switched in to 
increase the multiplier resistance for the higher voltage ranges. Note the separate 
jack and extra multiplier R, on the highest range for 5000 V. This method of adding 
series multipliers for higher voltage ranges is the circuit generally used in commer- 
cial multimeters. 


Voltmeter Resistance 


The high resistance of a voltmeter with a multiplier is essentially the value of the 
multiplier resistance. Since the multiplier is changed for each range, the voltmeter 
resistance changes. 

Table 8—1 shows how the voltmeter resistance increases for higher ranges. The 
middle column lists the total internal resistance Ry, including R mut and ry, for the 
voltmeter circuit in Fig. 8-7. With a 50-uA meter movement, Ry increases from 
50 KQ on the 2.5-V range to 20 MQ on the 1000-V range. Note that Ry has these 
values on each range whether you read full scale or not. 


Ohms-per-Volt Rating 


To indicate the voltmeter’s resistance independently of the range, analog voltmeters 
are generally rated in ohms of resistance needed for 1 V of deflection. This value is 
the ohms-per-volt rating of the voltmeter. As an example, see the last column in 
Table 8-1. The values in the top row show that this meter needs 50,000-Q R, for 
2.5 V of full-scale deflection. The resistance per 1 V of deflection then is 50,000/2.5, 
which equals 20,000 Q/V. 

The ohms-per-volt value is the same for all ranges because this characteristic is 
determined by the full-scale current /,, of the meter movement. To calculate the 
ohms-per-volt rating, take the reciprocal of /,, in ampere units. For example, a 1-mA 
meter movement results in 1/0.001 or 1000 Q/V; a 50-uA meter movement allows 
20,000 Q/V, and a 20-uA meter movement allows 50,000 Q/V. The ohms-per-volt 
rating is also called the sensitivity of the voltmeter. 

A higher ohms-per-volt rating means higher voltmeter resistance Ry. Ry can be 
calculated as the product of the ohms-per-volt rating and the full-scale voltage of 


A Voltmeter Using a 50-uA Meter 


Table 8-1 


Movement 
Full-Scale Ohms per Volt 
Voltage V, R= R nut F Fm = R/V; 
25 50 kQ 20,000 Q/V 
10 200 kQ 20,000 Q/ V 
50 1 MQ 20,000 Q/ V 
250 5 MQ 20,000 Q/V 
1000 20 MQ 20,000 Q/ V 
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each range. For instance, across the second row in Table 8—1, on the 10-V range with 


a 20,000 Q2/V rating, 
_ 20,000 2 
R, = 200,000 Q 


Usually the ohms-per-volt rating of a voltmeter is printed on the meter face. 


E 8-3 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 8-7. 

Calculate the voltmeter resistance R, on the 2.5-V range. 

Calculate the voltmeter resistance R, on the 50-V range. 

c. Is the voltmeter multiplier resistor in series or parallel with the 
meter movement? 

d. Isa voltmeter connected in series or parallel with the potential 
difference to be measured? 

e. How much is the total R of a voltmeter with a sensitivity of 
20,000 Q/V on the 25-V scale? 


SP 


8-4 Loading Effect of a Voltmeter 


When the voltmeter resistance is not high enough, connecting it across a circuit can 
reduce the measured voltage, compared with the voltage present without the volt- 
meter. This effect is called loading down the circuit, since the measured voltage 
decreases because of the additional load current for the meter. 


Loading Effect 


Voltmeter loading can be appreciable in high-resistance circuits, as shown in 
Fig. 8-8. In Fig. 8—8a, without the voltmeter, R, and R, form a voltage divider across 
the applied voltage of 120 V. The two equal resistances of 100 kQ each divide the 
applied voltage equally, with 60 V across each. 

When the voltmeter in Fig. 8-8) is connected across R, to measure its potential 
difference, however, the voltage division changes. The voltmeter resistance R, of 
100 kQ is the value for a 1000-ohms-per-volt meter on the 100-V range. Now the 
voltmeter in parallel with R, draws additional current, and the equivalent resistance 


Figure 8-8 How the loading effect of the voltmeter can reduce the voltage reading. (a) High-resistance series circuit without 
voltmeter. (6) Connecting voltmeter across one of the series resistances. (c) Reduced R and V between points 1 and 2 caused by the 
voltmeter as a parallel branch across R,. The Ry is the equivalent of R, and R; in parallel. 


(a) (b) (c) 
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GOOD TO KNOW 


The loading effect of a voltmeter 
is a primary concern when 
measuring voltages in high- 
resistance circuits. Asa 
technician troubleshooting a 
high-resistance circuit, you must 
be able to determine whether a 
lower than normal voltage 
reading is the result of a 
defective component or the 


result of voltmeter loading. 
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Figure 8-9 Negligible loading effect with a high-resistance voltmeter. (a) High-resistance 
series circuit without voltmeter, as shown in Fig. 8-8a. (b) Same voltages in circuit with 
voltmeter connected because Ry is so high. 


(a) (b) 


between the measured points 1 and 2 is reduced from 100,000 to 50,000 Q. This 
resistance is one-third the total circuit resistance, and the measured voltage across 
points 1 and 2 drops to 40 V, as shown in Fig. 8-8c. 

As additional current drawn by the voltmeter flows through the series resistance 
R,, this voltage goes up to 80 V. 

Similarly, if the voltmeter were connected across R,, this voltage would go down 
to 40 V, with the voltage across R, rising to 80 V. When the voltmeter is discon- 
nected, the circuit returns to the condition in Fig. 8—8a, with 60 V across both R, 
and R,. 

The loading effect is minimized by using a voltmeter with a resistance much 
greater than the resistance across which the voltage is measured. As shown in 
Fig. 8-9, with a voltmeter resistance of 10 MQ, the loading effect is negligible. 
Because Ry is so high, it does not change the voltage division in the circuit. The 
10 MQ of the meter in parallel with the 100,000 Q for R, results in an equivalent 
resistance practically equal to 100,000 Q. 

With multiple ranges on a VOM, the voltmeter resistance changes with the range 
selected. Higher ranges require more multiplier resistance, increasing the voltmeter 
resistance for less loading. As examples, a 20,000-ohms-per-volt meter on the 250-V 
range has an internal resistance Ry of 20,000 x 250, or 5 MQ. However, on the 2.5-V 
range, the same meter has an R, of 20,000 x 2.5, which is only 50,000 Q. 

On any one range, though, the voltmeter resistance is constant whether you read 
full-scale or less than full-scale deflection. The reason is that the multiplier resis- 
tance set by the range switch is the same for any reading on that range. 


Correction for Loading Effect 
The following formula can be used: 


Actual reading + correction 


j riž 


Voltage V is the corrected reading the voltmeter would show if it had infinitely high 
resistance. Voltage V,, is the actual voltage reading. Resistances R, and R, are the 
voltage-dividing resistances in the circuit without the voltmeter resistance Ry. For 
example, in Fig. 8-8, 


100 kQ x 100 kQ 
V= 40 V + 799 kO x 200 kO * 79 V = 40 +5 x 40 = 40 + 20 


V=600V 
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The loading effect of a voltmeter causes too low a voltage reading because Ry is 
too low as a parallel resistance. This corresponds to the case of a current meter 
reading too low because R,, is too high as a series resistance. Both of these effects 
illustrate the general problem of trying to make any measurement without changing 
the circuit being measured. 

Note that the DMM has practically no loading effect as a voltmeter. The input 
resistance is usually 10 MQ or 20 MQ, the same on all ranges. 


E 8-4 Self-Review 


Answers at the end of the chapter. 


With the voltmeter across R, in Fig. 8-8b, what is the value for 
a. V? 
b. V? 


8-5 Ohmmeters 


An ohmmeter consists of an internal battery, the meter movement, and a current- 
limiting resistance, as illustrated in Fig. 8—10. For measuring resistance, the ohm- 
meter leads are connected across the external resistance to be measured. Power in 
the circuit being tested must be off. Then only the ohmmeter battery produces cur- 
rent for deflecting the meter movement. Since the amount of current through the 
meter depends on the external resistance, the scale can be calibrated in ohms. 

The amount of deflection on the ohms scale indicates the measured resistance 
directly. The ohmmeter reads up-scale regardless of the polarity of the leads because 
the polarity of the internal battery determines the direction of current through the 
meter movement. 


Series Ohmmeter Circuit 


In Fig. 8-10a, the circuit has 1500 Q for (R, + rm). Then the 1.5-V cell produces 
1 mA, deflecting the moving coil full scale. When these components are enclosed 
in a case, as shown in Fig. 8—10b, the series circuit forms an ohmmeter. Note that M 
indicates the meter movement. 


Figure 8-10 How meter movement M can be used as an ohmmeter with a 1.5-V battery. 
(a) Equivalent closed circuit with R, and the battery when ohmmeter leads are short- 
circuited for zero ohms of external R. (b) Internal ohmmeter circuit with test leads open, 
ready to measure an external resistance. 
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Table 8-2 Calibration of Ohmmeter in Figure 8-10 


External Internal Scale 
Ro Q R =R + iy, R =R +R, Q I=V/R„mA Deflection Reading, Q 
(0) 1500 1500 1 Full scale (0) 

750 1500 2250 2/3 = 0.67 2/3 scale 750 
1500 1500 3000 m= 05 %2 scale 1500 
3000 1500 4500 1/3 = 0.33 1/3 scale 3000 

150,000 1500 151,500 0.01 1/100 scale 150,000 
500,000 1500 501,500 (0) None fore) 


If the leads are short-circuited together or connected across a short circuit, as in 
Fig. 8-10a, 1 mA flows. The meter movement is deflected full scale to the right. 
This ohmmeter reading is 0 Q. 

When the ohmmeter leads are open, not touching each other, the current is zero. The 
ohmmeter indicates infinitely high resistance or an open circuit across its terminals. 

Therefore, the meter face can be marked zero ohms at the right for full-scale 
deflection and infinite ohms at the left for no deflection. In-between values of resis- 
tance result when less than 1 mA flows through the meter movement. The corre- 
sponding deflection on the ohm scale indicates how much resistance is across the 
ohmmeter terminals. 


Back-Off Ohmmeter Scale 


Table 8-2 and Fig. 8—11 illustrate the calibration of an ohmmeter scale in terms of 
meter current. The current equals V/R,. Voltage V is the fixed applied voltage of 1.5 
V supplied by the internal battery. Resistance R, is the total resistance of Ry and the 
ohmmeter’s internal resistance. Note that R, is the external resistance to be 
measured. 

The ohmmeter’s internal resistance R, is constant at 50 + 1450, or 1500 Q here. 
If Rẹ also equals 1500 Q, for example, R, equals 3000 Q. The current then is 
1.5 V/3000 Q, or 0.5 mA, resulting in half-scale deflection for the 1-mA move- 
ment. Therefore, the center of the ohm scale is marked for 1500 Q. Similarly, the 
amount of current and meter deflection can be calculated for any value of the exter- 
nal resistance Ry. 


Figure 8-11 Back-off ohmmeter scale with R readings increasing from right to left. (a) Series ohmmeter circuit for the unknown external 
resistor R, to be measured. (b) Ohm scale has higher R readings to the left of the scale as more Ry decreases |). The Rand / values are listed 


in Table 8-2. 


R,=1450Q2 4 


1-mA movement 
Ty = 50Q 


(a) 
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Figure 8-12 Multiple ohmmeter 
ranges with just one ohm scale. The ohm 
reading is multiplied by the factor set on 
the range switch. 


Rx1 
Rx 100 
Rx 10,000 
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Note that the ohm scale increases from right to left. This arrangement is called a 
back-off scale, with ohm values increasing to the left as the current backs off from 
full-scale deflection. The back-off scale is a characteristic of any ohmmeter where 
the internal battery is in series with the meter movement. Then more external R, 
decreases the meter current. 

A back-off ohmmeter scale is expanded at the right near zero ohms and crowded 
at the left near infinite ohms. This nonlinear scale results from the relation J = V/R 
with V constant at 1.5 V. Recall that with V constant, J and R are inversely related. 

The highest resistance that can be indicated by the ohmmeter is about 100 times 
its total internal resistance. Therefore, the infinity mark on the ohms scale, or the 
“lazy eight” symbol oo for infinity, is only relative. It just means that the measured 
resistance is infinitely greater than the ohmmeter resistance. 

It is important to note that the ohmmeter circuit in Fig. 8—11 is not entirely practi- 
cal. The reason is that if the battery voltage, V,, is not exactly 1.5 V, the ohmmeter 
scale will not be calibrated correctly. Also, a single ohmmeter range is not practical 
when it is necessary to measure very small or large resistance values. Without going 
into the circuit detail, you should be aware of the fact that commercially available 
ohmmeters are designed to provide multiple ohmmeter ranges as well as compensa- 
tion for a change in the battery voltage, V,. 


Multiple Ohmmeter Ranges 


Commercial multimeters provide for resistance measurements from less than 1 Q up 
to many megohms in several ranges. The range switch in Fig. 8-12 shows the mul- 
tiplying factors for the ohm scale. On the R x 1 range, for low-resistance measure- 
ments, read the ohm scale directly. In the example here, the pointer indicates 12 Q. 
When the range switch is on R X 100, multiply the scale reading by 100; this reading 
would then be 12 x 100 or 1200 Q. On the R x 10,000 range, the pointer would 
indicate 120,000 Q. 

A multiplying factor, instead of full-scale resistance, is given for each ohm range 
because the highest resistance is infinite on all ohm ranges. This method for ohms 
should not be confused with full-scale values for voltage ranges. For the ohmmeter 
ranges, always multiply the scale reading by the R x factor. On voltage ranges, you 
may have to multiply or divide the scale reading to match the full-scale voltage with 
the value on the range switch. 


Zero-Ohms Adjustment 


To compensate for lower voltage output as the internal battery ages, an ohmmeter 
includes a variable resistor to calibrate the ohm scale. A back-off ohmmeter is 
always adjusted for zero ohms. With the test leads short-circuited, vary the ZERO 
OHMS control on the front panel of the meter until the pointer is exactly on zero at the 
right edge of the ohm scale. Then the ohm readings are correct for the entire scale. 

This type of ohmmeter must be zeroed again every time you change the range 
because the internal circuit changes. 

When the adjustment cannot deflect the pointer all the way to zero at the right 
edge, it usually means that the battery voltage is too low and it must be replaced. 
Usually, this trouble shows up first on the R x 1 range, which takes the most current 
from the battery. 


E 8-5 Self-Review 
Answers at the end of the chapter. 


a. An ohmmeter reads 40 Q on the R x 10 range. How much is R,? 
b. A voltmeter reads 40 on the 300-V scale, but with the range switch on 
30 V. How much is the measured voltage? 
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GOOD TO KNOW 


When measuring an unknown 
value of current or voltage, 
always set the meter to its 
highest range and work your way 
down. The meter could be 
damaged if a very large value of 
current or voltage is attempted 
to be measured on the meter’s 


lowest range setting. 


8-6 Multimeters 


Multimeters are also called multitesters, and they are used to measure voltage, cur- 
rent, or resistance. Table 8—3 compares the features of the main types of multime- 
ters: first, the VOM in Fig. 8-13, and next the DMM in Fig. 8-14. The DMM is 
explained in more detail in the next section. 

Beside its digital readout, an advantage of the DMM is its high input resistance 
Ry as a DC voltmeter. The Ry is usually 10 MQ, the same on all ranges, which is 
high enough to prevent any loading effect by the voltmeter in most circuits. Some 
types have an R, of 22 MQ. Many modern DMMs are autoranging; that is, the inter- 
nal circuitry selects the proper range for the meter and indicates the range as a 
readout. 


VOM DMM 

Analog pointer reading Digital readout 

DC voltmeter Ry changes with Ry is 10 or 22 MQ, the same on 
range all ranges 

Zero-ohms adjustment No zero-ohms adjustment 


changed for each range 


Ohm ranges up to R x 10,000 Q, Ohm ranges up to 20 MQ; each 
as a multiplying factor range is the maximum 


Figure 8-13 Analog VOM that combines a 
function selector and range switch. 
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Figure 8-14 Portable digital multimeter. 
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Reproduced by permission of Tektronix, Inc. 
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For either a VOM or a DMM, it is important to have a low-voltage DC scale with 
resolution good enough to read 0.2 V or less. The range of 0.2 to 0.6 V, or 200 to 
600 mV, is needed for measuring DC bias voltages in transistor circuits. 


Low-Power Ohms (LPQ) 


Another feature needed for transistor measurements is an ohmmeter that does not have 
enough battery voltage to bias a semiconductor junction into the on or conducting 
state. The limit is 0.2 V or less. The purpose is to prevent any parallel conduction paths 
in the transistor amplifier circuit that can lower the ohmmeter reading. 


Decibel Scale 


Most analog multimeters have an AC voltage scale calibrated in decibel (dB) units, 
for measuring AC signals. The decibel is a logarithmic unit used for comparison of 
power levels or voltage levels. The mark of 0 dB on the scale indicates the reference 
level, which is usually 0.775 V for 1 mW across 600 Q. Positive decibel values 
above the zero mark indicate AC voltages above the reference of 0.775 V; negative 
decibel values are less than the reference level. 


Amp-Clamp Probe 


The problem of opening a circuit to measure J can be eliminated by using a probe 
with a clamp that fits around the current-carrying wire. The strength of the magnetic 
field is used to detect the amount of current carried by the conductor. An example is 
shown in Fig. 8-15. The clamp probe is generally used for measuring AC amperes 
such as those associated with the 120 or 240 V 60 Hz AC power line voltage. 


Figure 8-15 DMM with amp-clamp accessory. 


f Fluke Corporation, Reproduced with Permission 


Courtesy 0: 
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Figure 8-16 Typical digital multimeter. 
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Courtesy of Fluke Corporation, Reproduced with Permission 


High-Voltage Probe 


An accessory probe can be used with a multimeter to measure DC voltages up to 30 
kV. This probe is often referred to as a high-voltage probe. One application is mea- 
suring the high voltage of 20 to 30 kV at the anode of the color picture tube in a 
television receiver. The probe is just an external multiplier resistance for the DC 
voltmeter. The required R for a 30-kV probe is 580 MQ with a 20-kQ/V meter on 
the 1000-V range. 


E 8-6 Self-Review 
Answers at the end of the chapter. 


a. How much is R, on the 1-V range for a VOM with a sensitivity of 
20 kQ/V? 

b. If Ry is 10 MQ for a DMM on the 100-V range, how much is Ry on 
the 200-mV range? 

c. The low-power ohm (LPQ) function does not require an internal 
battery. (True/False) 


8-7 Digital Multimeter (DMM) 


The digital multimeter has become a very popular test instrument because the digital 
value of the measurement is displayed automatically with decimal point, polarity, and 
the unit for V, A, or Q. Digital meters are generally easier to use because they elimi- 
nate the human error that often occurs in reading different scales on an analog meter 
with a pointer. Examples of the portable DMM are shown in Figs. 8-14 and 8-16. 

The basis of the DMM operation is an analog-to-digital (A /D) converter circuit. 
It converts analog voltage values at the input to an equivalent binary form. These 
values are processed by digital circuits to be shown on a liquid-crystal display 
(LCD) as decimal values. 


Voltage Measurements 


The A/D converter requires a specific range of voltage input; typical values are 
—200 mV to +200 mV. For DMM input voltages that are higher, the voltage is 
divided down. When the input voltage is too low, it is increased by a DC amplifier 
circuit. The measured voltage can then be compared to a fixed reference voltage in 
the meter by a comparator circuit. Actually, all functions in the DMM depend on the 
voltage measurements by the converter and comparator circuits. 

The input resistance of the DMM is in the range of 10 to 20 MQ, shunted by 
50 pF of capacitance. This R is high enough to eliminate the problem of voltmeter 
loading in most transistor circuits. Not only does the DMM have high input resis- 
tance, but the R is the same on all ranges. 

With AC measurements, the AC input is converted to DC voltage for the A/D 
converter. The DMM has an internal diode rectifier that serves as an AC converter. 


R Measurement 


As an ohmmeter, the internal battery supplies J through the measured R for an JR 
drop measured by the DMM. The battery is usually the small 9-V type commonly 
used in portable equipment. A wide range of R values can be measured from a frac- 
tion of an ohm to more than 30 MQ. Remember that power must be off in the circuit 
being tested with an ohmmeter. 

A DMM ohmmeter usually has an open-circuit voltage across the meter leads, 
which is much too low to turn on a semiconductor junction. The result is low-power 
ohms (LPQ) operation. 
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I Measurements 


To measure current, internal resistors provide a proportional JR voltage. The display 
shows the J values. Note that the DMM still must be connected as a series compo- 
nent in the circuit when current is measured. 


Diode Test 


The DMM usually has a setting for testing semiconductor diodes, either silicon or 
germanium. Current is supplied by the DMM for the diode to test the voltage across 
its junction. Normal values are 0.7 V for silicon and 0.3 V for germanium. A short- 
circuited junction will read 0 V. The voltage across an open diode reads much too 
high. Most diodes are silicon. The diode test range can also be used for testing the 
continuity between two points in a circuit or across the ends of a wire or test lead. If 
continuity exists, an audible tone is produced by the meter. If there is no tone, it 
indicates the absence of continuity, which is an open circuit. 


Resolution 


This term fora DMM specifies how many places can be used to display the digits 0 to 
9, regardless of the decimal point. For example, 9.99 V is a three-digit display; 9.999 
V would be a four-digit display. Most portable units, however, compromise with a 
3¥2-digit display. This means that the fourth digit at the left for the most significant 
place can only be a 1. If not, then the display has three digits. As examples, a 3/2-digit 
display can show 19.99 V, but 29.99 V would be read as 30.0 V. Note that better 
resolution with more digits can be obtained with more expensive meters, especially 
the larger DMM units for bench mounting. Actually, 32-digit resolution is enough for 
practically all measurements made in troubleshooting electronic equipment. 


Range Overload 


The DMM selector switch has specific ranges. Any value higher than the selected 
range is an overload. An indicator on the display warns that the value shown is not 
correct. Then a higher range is selected. Some units have an autorange function that 
shifts the meter automatically to a higher range as soon as an overload is indicated. 


Typical DMM 


The unit in Fig. 8-16 can be used as an example. On the front panel, the two jacks 
at the bottom right are for the test leads. The lower jack is the common lead, used for 
all measurements. Above is the jack for the “hot” lead, usually red, used for the 
measurements of V and R either DC or AC values. The two jacks at the bottom left 
side are for the red lead when measuring either DC or AC I. 

Consider each function of the large selector switch at the center in Fig. 8-16. The 
first position, after the switch is turned clockwise from the orF position, is used to 
measure AC volts, as indicated by the sine wave. No ranges are given as this meter 
has an autorange function. In operation, the meter has the ranges of 600 mV, 6 V, 
60 V, 600 V, and, as a maximum, 1000 V. 

If the autorange function is not desired, press the range button below the display 
to hold the range. Each touch of the button will change the range. Hold the button 
down to return to autorange operation. 

The next two positions on the function switch are for DC volts. Polarity can be 
either positive or negative as indicated by the solid and dashed lines above the V. 
The ranges of DC voltages that can be measured are 6, 60, 600, and 1000 V as a 
maximum. For very low DC voltages, the mV switch setting should be used. Values 
below 600 mV can be measured on this range. 

For an ohmmeter, the function switch is set to the position with the Q symbol. 
The ohm values are from 0 to 50 MQ in six ranges. Remember that power must be 
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off in the circuit being measured, or the ohmmeter will read the wrong value. (Worse 
yet, the meter could be damaged.) 

Next on the function switch is the position for testing semiconductor diodes, as 
shown by the diode symbol. Maximum diode test voltage is 2.4 V. This switch posi- 
tion is also used when it is desired to test for continuity between two points. The 
curved lines next to the diode symbol indicate that the meter produces an audible 
tone if continuity exists. 

The last two positions on the function switch are for current measurements. The 
jacks at the lower left are used for larger or smaller current values. 

In measuring AC values, either for V or J, the frequency range of the meter is 
limited to 45 to 1000 Hz, approximately. For amplitudes at higher frequencies, such 
as rf measurements, special meters are necessary. However, this meter can be used 
for V and J at the 60-Hz power-line frequency and the 400-Hz test frequency often 
used for audio equipment. 


Analog Display 


The bar at the bottom of the display in Fig. 8—16 is used only to show the relative 
magnitude of the input compared to the full-scale value of the range in use. This 
function is convenient when adjusting a circuit for a peak value or a minimum (null). 
The operation is comparable to watching the needle on a VOM for either a maximum 
or a null adjustment. 


E 8-7 Self-Review 
Answers at the end of the chapter. 


a. The typical resistance of a DMM voltmeter is 10 MQ. (True/False) 
b. A DMM voltmeter with 3'/-digit resolution can display the value 
of 14.59 V. (True/False) 


8-8 Meter Applications 


Table 8-4 summarizes the main points to remember when using a voltmeter, 
ohmmeter, or milliammeter. These rules apply whether the meter is a single unit or 
one function on a multimeter. The voltage and current tests also apply to either DC 
or AC circuits. 

To avoid excessive current through the meter, it is good practice to start on a high 
range when measuring an unknown value of voltage or current. It is very important 
not to make the mistake of connecting a current meter in parallel because usually 
this mistake ruins the meter. The mistake of connecting a voltmeter in series does 
not damage the meter, but the reading will be wrong. 


Table 8-4 Direct-Current Meters 


Milliammeter 


Voltmeter 

Power on in circuit 
Connect in parallel 
High internal R 


Has internal series 
multipliers; higher 
R for higher ranges 


or Ammeter 
Power on in circuit 
Connect in series 
Low internal R 


Has internal shunts; 
lower resistance for 
higher current 
ranges 


Ohmmeter 

Power off in circuit 
Connect in parallel 
Has internal battery 


Higher battery 
voltage and more 
sensitive meter for 
higher ohm ranges 
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Figure 8-18 With 15 V measured 
across a known R of 15 Q, the / can be 
calculated as V/R or 1I5VA5Q=1A. 
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Figure 8-17 How to insert a current meter in different parts of a series-parallel circuit 
to read the desired current /. At point A, B, or C, the meter reads h; at D or E, the meter 
reads |,; at F or G, the meter reads h. 


If the ohmmeter is connected to a circuit in which power is on, the meter can be 
damaged, beside giving the wrong reading. An ohmmeter has its own internal bat- 
tery, and the power must be off in the circuit being tested. When R is tested with an 
ohmmeter, it may be necessary to disconnect one end of R from the circuit to elimi- 
nate parallel paths. 


Connecting a Current Meter in the Circuit 


In a series-parallel circuit, the current meter must be inserted in a branch to read 
branch current. In the main line, the meter reads the total current. These different 
connections are illustrated in Fig. 8-17. The meters are shown by dashed lines to 
illustrate the different points at which a meter could be connected to read the respec- 
tive currents. 

If the circuit is opened at point A to insert the meter in series in the main line 
here, the meter will read total line current 7, through R,. A meter at B or C will read 
the same line current. 

To read the branch current through R,, this R must be disconnected from its junc- 
tion with the main line at either end. A meter inserted at D or E, therefore, will read 
the R, branch current J,. Similarly, a meter at F or G will read the R, branch current /,. 


Calculating /from Measured Voltage 


The inconvenience of opening the circuit to measure current can often be eliminated 
by the use of Ohm’s law. The voltage and resistance can be measured without open- 
ing the circuit, and the current calculated as V/R. In the example in Fig. 8-18, when 
the voltage across R, is 15 V and its resistance is 15 Q, the current through R, must 
be 1 A. When values are checked during troubleshooting, if the voltage and resis- 
tance are normal, so is the current. 

This technique can also be convenient for determining / in low-resistance circuits 
where the resistance of a microammeter may be too high. Instead of measuring 7, 
measure V and R and calculate Jas V/R. 

Furthermore, if necessary, we can insert a known resistance R, in series in the 
circuit, temporarily, just to measure V,. Then Z is calculated as V, /R,. The resis- 
tance of R,, however, must be small enough to have little effect on R, and Z in the 
series circuit. 

This technique is often used with oscilloscopes to produce a voltage waveform of 
IR which has the same waveform as the current in a resistor. The oscilloscope must 
be connected as a voltmeter because of its high input resistance. 
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Figure 8-19 Voltage tests to localize an open circuit. (a) Normal circuit with voltages to chassis ground. (b) Reading of O V at point D 


shows R; is open. 
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Checking Fuses 


Turn the power off or remove the fuse from the circuit to check with an ohmmeter. 
A good fuse reads 0 Q. A blown fuse is open, which reads infinity on the ohmmeter. 

A fuse can also be checked with the power on in the circuit by using a voltmeter. 
Connect the voltmeter across the two terminals of the fuse. A good fuse reads 0 V 
because there is practically no ZR drop. With an open fuse, though, the voltmeter 
reading is equal to the full value of the applied voltage. Having the full applied volt- 
age seems to be a good idea, but it should not be across the fuse. 


Voltage Tests for an Open Circuit 


Figure 8—19 shows four equal resistors in series with a 100-V source. A ground 
return is shown here because voltage measurements are usually made with respect 
to chassis or earth ground. Normally, each resistor would have an ZR drop of 25 V. 
Then, at point B, the voltmeter to ground should read 100 — 25 = 75 V. Also, the 
voltage at C should be 50 V, with 25 V at D, as shown in Fig. 8-19a. 

However, the circuit in Fig. 8-19 has an open in R, toward the end of the series 
string of voltages to ground. Now when you measure at B, the reading is 100 V, 
equal to the applied voltage. This full voltage at B shows that the series circuit is 
open without any ZR drop across R,. The question is, however, which R has the 
open? Continue the voltage measurements to ground until you find O V. In this 
example, the open is in R, between the 100 V at C and 0 V at D. 

The points that read the full applied voltage have a path back to the source of 
voltage. The first point that reads 0 V has no path back to the high side of the source. 
Therefore, the open circuit must be between points C and D in Fig. 8—19b. 
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Answers at the end of the chapter. 


Which type of meter requires an internal battery? 
How much is the normal voltage across a good fuse? 
How much is the voltage across R, in Fig. 8-19a? 
How much is the voltage across R, in Fig. 8-19b? 


Bos S 


8-9 Checking Continuity with 
the Ohmmeter 


A wire conductor that is continuous without a break has practically zero ohms of 
resistance. Therefore, the ohmmeter can be useful in testing for continuity. This test 
should be done on the lowest ohm range. There are many applications. A wire 


259 


GOOD TO KNOW 


Most DMMs have a switch 
setting for testing the continuity 
between two points. If the 
resistance between two points is 
less than about 200 Q, an audible 
tone will be heard. The audible 
tone provides immediate 
feedback to indicate whether or 
not there is continuity between 
the two points being measured. 
See Section 8-7, Digital 
Multimeter (DMM). 
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Figure 8-20 Continuity testing from point A to wire 3 shows that this wire is connected. 


Ohmmeter 
reads zero 


conductor can have an internal break which is not visible because of the insulated 
cover, or the wire can have a bad connection at the terminal. Checking for zero ohms 
between any two points along the conductor tests continuity. A break in the conduct- 
ing path is evident from a reading of infinite resistance, showing an open circuit. 

As another application of checking continuity, suppose that a cable of wires is 
harnessed together, as illustrated in Fig. 8—20, where the individual wires cannot be 
seen, but it is desired to find the conductor that connects to terminal A. This is done 
by checking continuity for each conductor to point A. The wire that has zero ohms 
to A is the one connected to this terminal. Often the individual wires are color- 
coded, but it may be necessary to check the continuity of each lead. 

An additional technique that can be helpful is illustrated in Fig. 8—21. Here it 
is desired to check the continuity of the two-wire line, but its ends are too far apart 
for the ohmmeter leads to reach. The two conductors are temporarily short-cir- 
cuited at one end, however, so that the continuity of both wires can be checked at 
the other end. 

In summary, the ohmmeter is helpful in checking the continuity of any wire con- 
ductor. This includes resistance-wire heating elements, such as the wires in a toaster 
or the filament of an incandescent bulb. Their cold resistance is normally just a few 
ohms. Infinite resistance means that the wire element is open. Similarly, a good fuse 
has practically zero resistance. A burned-out fuse has infinite resistance; that is, it is 
open. Any coil for a transformer, solenoid, or motor will also have infinite resistance 
if the winding is open. 
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Answers at the end of the chapter. 
a. Ona back-off ohmmeter, is zero ohms at the left or the right end of 


the scale? 
b. What is the ohmmeter reading for an open circuit? 


Figure 8-21 Temporary short circuit at one end of a long two-wire line to check 
continuity from the opposite end. 


Ohmmeter 
reads zero 


Temporary 
short circuit 
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Application in Understanding Clamp-On Ammeters 


Of the three electrical quantities—voltage, current, and 
resistance—measuring probably the most 
inconvenient and/or difficult of the three. The inconvenience or 
difficulty lies in the fact that the circuit must be opened and the 
meter must be placed in the path of the moving electric charges. 
Besides being difficult and/or inconvenient, this method of 
measuring current isn’t very safe, especially when measuring 
currents in high-voltage AC circuits. Therefore, when measuring 
the current drawn by an electronic appliance or similar device, it 
is much easier, and safer, to use a clamp-on ammeter, such as 
the one shown in Fig. 8-22. In this figure, each control, key, and 
feature is identified so that their function and/or purpose can be 
described here. 


current is 


METER CONTROLS, KEYS, AND FEATURES 


Clamp head—The clamp head is used for clamping around a 
conductor when measuring current, either AC or DC. 


Protective barrier— This is a physical border between the 
controls of the meter and the clamp head. For safety, make 
sure your hands and fingers are below this point when 
making current and/or non-contact voltage measurements. 


Clamp head trigger—Pull the trigger to open the clamp head 
and release the trigger to close it. 


Function select switch— This control can be rotated to select 
the desired electrical quantity to be measured. 


Non-contact voltage (NCV) indicator—This feature is used to 
detect the presence of an AC voltage without the need for 
making any physical contact with live conductors. With the 
function select switch set to the NCV position, place the 
front end of the clamp head close to the voltage source. The 
NCV indicator will flash and the meter will beep when 
voltage is present. 


HOLD/backlight key—This key is used to hold a measurement 
on the display for a delayed reading when making 
measurements in hard-to-get-at places. It is also used for 
turning the backlight of the display either ON or Off. Just 
press and hold this button for 2 seconds to either turn ON 
or turn OFF the display’s backlight. 


ZERO key—This key is used to zero the display before 
measuring DC amps and capacitance values. 


SELECT key—This key selects the function mode such as ACV/ 
DCV, ACA/DCA, and ohms (Q), continuity, Diode test, and 
capacitance. 


LCD display— The LCD display indicates the electrical quantity 
being measured and its corresponding numerical value. 


Input jacks—The red and black test leads are inserted into 
these jacks when it is necessary to measure electrical 
quantities that cannot be detected or measured with the 
clamp head. 


MEASURING CURRENT WITH A CLAMP-ON 
AMMETER 


Recall from Chapter 1, “Electricity,” that any current-carrying 
conductor has an associated magnetic field. The strength of the 
magnetic field is proportional to the current carried by the 
conductor. In other words, the greater the current, the stronger 
the magnetic field. The clamp head, which is made of ferrite 
material, detects the strength of an AC current’s magnetic field 
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and produces a voltage that is proportional to the magnitude of 
the current. This voltage is fed to an internal metering circuit, 
which is calibrated to display the measured value of current. The 
clamp head also contains a Hall effect transducer, which allows it 
to detect the strength of DC currents. 


MEASURING AC CURRENT 


A stand-alone clamp-on ammeter, like the one shown in 
Fig. 8-22, is only capable of measuring the current in a single- 
wire conductor. Placing the clamp head around two 
current-carrying conductors, such as an extension cord, results 
in a reading of zero (or a false reading) because the opposing 
magnetic fields in each conductor cancel each other. To measure 
the amount of AC current in a single conductor, move the 
Function select switch to the desired range setting based on the 
anticipated value of current to be measured. Using the SELECT 
key select AC rather than DC amps. Next, press the trigger and 
open the jaws of the clamp head and position it so that the wire 
is inside of the jaws. Now release the trigger so that the jaws 
clamp around the current-carrying conductor. This procedure is 
illustrated in Figs. 8-23a and b. The measured value of current 
appears on the LCD display. For the most accurate reading, it is 
important to position the conductor in the center of the jaws. 
(There are special markings on the clamp head for centering the 
conductor.) 


AC LINE SPLITTER 


To measure the AC current drawn by an appliance, or similar 
device, an AC line splitter must be used. A typical AC line splitter 
is shown in Fig. 8-24a. Every AC line splitter has a plug-end and 
a receptacle-end. What the AC line splitter does is separate 
(split) the hot and neutral conductors of the power cord so that 
the clamp-on ammeter can be used to measure the current in 
just one conductor. The AC line splitter is plugged into the 120 V 


Figure 8-22 Clamp-on Ammeter 


Sarah Schultz Photography 
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Figure 8-23a Press the trigger to open the jaws of the clamp head. 


Sarah Schultz Photography 


Figure 8-23b Release the trigger so that the jaws of the clamp 
head are around the current-carrying conductor. 


Sarah Schultz Photography 


AC outlet, and the electronic appliance or device is plugged into 
the line splitter’s receptacle-end. Next, the clamp-on ammeter is 
clamped around either the X1 or X10 square as shown in 
Fig. 8-24b. Clamping around the X1 square gives the exact value 
of current drawn by the electronic device plugged into the AC 
line splitter. Clamping around the X10 square multiplies the 
reading by a factor of 10. The X10 square allows for measuring 
lower current values more accurately. Always remember, 
however, that the value of current displayed by the clamp-on 
ammeter must be divided by 10 when clamping around the X10 
square. This results in approximately the same value of current 
as when the meter is clamped around the X1 square. Notice the 
two holes at the receptacle-end of the AC line splitter. These 
holes provide access to the hot and neutral conductors so that 
the AC power line voltage can be measured at this point. 


MEASURING DC CURRENT 


To measure the amount of DC current in a single conductor, 
select the desired current range using the Function select switch 
and use the SELECT key to select DC. Before placing the clamp 
head around the conductor, repeatedly press the ZERO key until 
the reading on the LCD display shows zero. For greatest accuracy 
when zeroing, the position of the meter should be the same as 
when it is placed around the conductor. Next, place the clamp 
head around the conductor to measure the DC current. If the 
reading is positive, it indicates that the current is flowing from 
the positive side of the clamp head to the negative side. (The 
polarity markings are located at the lower end of the clamp head 
jaws.) It is important to note that a positive value of current 
represents the direction of conventional current flow, whereas a 
negative value indicates the direction of electron flow. 


NON-CONTACT VOLTAGE (NCV) MEASUREMENT 

This feature is a convenient and safe way to detect the presence 
of an AC voltage without having to make any physical contact 
with live electrical conductors. To utilize this feature, simply 
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Figure 8-24a AC line splitter 


Sarah Schultz Photography 


Figuer 8-24b Clamping around the x1 square of the line-splitter. 


Sarah Schultz Photography 


move the FUNCTION select switch to the NCV position. Next, 
place the clamp head close to the suspected live conductor. If an 
AC voltage is present, the NCV LED indicator flashes and the 
meter beeps repeatedly. Also, the LCD display shows one or 
more dash marks depending on the magnitude of the voltage. 
The higher the voltage, the greater the number of dash marks, 
the faster the NCV LED indicator flashes and the faster the 
meter beeps. (It is important to note that the NCV measurement 
is actually detecting the intensity of the electric field associated 
with the AC voltage. This meter is designed to detect four 
different levels of field intensity.) 
As an example of how to use this feature refer to Fig. 8-25. In 
this example, the NCV feature is being used to determine if 
there is voltage present at a typical 120 V AC outlet. Notice the 
clamp head is placed in close proximity to the face of the outlet. 


In fact, it’s OK if the clamp head touches the face of the outlet. In 
this case, the NCV indicator LED flashes and the meter beeps 
repeatedly, indicating that voltage is indeed present at the 
outlet. 


ADDITIONAL METER FEATURES 


To measure voltage, resistance, or capacitance or to test diodes, 
the red and black test leads must be inserted into the input jacks 
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Figure 8-25 NCV measurement 
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at the bottom of the meter. (This meter is not capable of making 
in-circuit current measurements like a typical DMM.) When 
making measurements, the meter’s auto-range feature selects 
the correct range. It is important to note that the voltmeter 
portion of the meter has an input resistance of 10 MQ. Also, 
when measuring continuity, the meter will produce a continuous 
tone if the resistance is less than 10 Q. 
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To save energy and/or battery life, this meter has an 
automatic power-off feature that causes it to turn off 
automatically after 15 minutes if the meter’s FUNCTION select 
switch is not moved. As a warning, one minute before the meter 
turns off, the meter will beep five times. A long, continuous beep 
will be made just before the meter actually turns off. To turn the 
meter back on, the FUNCTION select switch must be rotated 
back to the off position and then back to the desired setting. An 
easier way to turn the meter back on (or to wake it up) is to 
simply push any one of the three keys on the meter. The 
automatic power-off feature can also be disabled. Here’s how to 
do it. With the FUNCTION select switch in the off position, 
press and hold the SELECT key and then rotate the FUNCTION 
select switch to the desired setting. Several continuous beeps 
will be heard when the meter first turns on. This indicates the 
automatic power-off feature has been disabled. With the 
automatic power-off feature disabled, the meter will put out five 
continuous beeps every 15 minutes (with five more beeps 
exactly 1 minute later) to remind the user that the meter has 
been left on. To reenable the automatic power-off feature, 
simply turn the meter off and then turn it back on. 
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Summary 


Direct current in a moving-coil 
meter deflects the coil in proportion 
to the amount of current. 


A current meter is a low-resistance 
meter connected in series to read 
the amount of current in a circuit. 


A meter shunt R; in parallel with the 


meter movement extends the range 
of a current meter [see Formula 


(8-1)]. 

A voltmeter consists of a meter 
movement in series with a high- 
resistance multiplier. The voltmeter 
with its multiplier is connected 
across two points to measure the 
potential difference in volts. The 
multiplier R can be calculated from 
Formula (8-3). 


Important Terms 


Amp-clamp probe — a meter that can 
measure AC currents, generally from 
the 60-Hz AC power line, without 
breaking open the circuit. The probe 
of the meter is actually a clamp that 
fits around the current-carrying 
conductor. 


Analog multimeter — a test instrument 
that is used to measure voltage, 
current, and resistance. An analog 
multimeter uses a moving pointer and 
a printed scale to display the value of 
the measured quantity. 


Back-off ohmmeter scale — an 
ohmmeter scale that shows zero 
ohms (0 Q) for full-scale deflection 
and infinite ohms (ceo Q) for no 
deflection. As the name implies, the 
ohms of resistance increase from 
right to left on the scale as the pointer 
backs off from full-scale deflection. 


Continuity testing — a resistance 
measurement that determines 


Related Formulas 
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The ohms-per-volt rating of a 
voltmeter with series multipliers 
specifies the sensitivity on all 
voltage ranges. It equals the 
reciprocal of the full-scale deflection 
current of the meter. A typical value 
is 20,000 Q/V for a voltmeter using 
a 50-uA movement. The higher the 
ohms-per-volt rating, the better. 


Voltmeter resistance Ry is higher for 
higher ranges because of higher- 


resistance multipliers. Multiply the 
ohms-per-volt rating by the voltage 
range to calculate the R, for each 


range. 


An ohmmeter consists of an internal 
battery in series with the meter 
movement. Power must be off in the 


whether or not there is zero ohms of 
resistance (approximately) between 
two points, such as across the ends of 
a wire conductor. 


Digital multimeter (DMM) — a popular 
test instrument that is used to 
measure voltage, current, and 
resistance. A DMM uses a numeric 
display to indicate directly the value of 

the measured quantity. 


Loading effect — a term that describes 
the reduction in measured voltage 
when using a voltmeter to measure the 
voltage in a circuit. The term may also 
be applied to describe the reduction in 
current when using a current meter to 
measure the current in a circuit. The 
oading effect of a voltmeter occurs 
when the voltmeter resistance is not 
high enough. Conversely, the loading 
effect of a current meter occurs when 
the resistance of the current meter is 
too high. 


foes = Full-scale V _ 


mult" Full-scale / 
RR- 
V= V, + — 
MERR, +R) 


circuit being checked with an 
ohmmeter. The series ohmmeter 
has a back-off scale with zero ohms 
at the right edge and infinity at the 
eft. Adjust for zero ohms with the 
eads short-circuited each time the 
ohms range is changed. 


The VOM is a portable multimeter 
that measures volts, ohms, and 
milliamperes. 


The digital multimeter generally has 
an input resistance of 10 MQ on all 
voltage ranges. 


In checking wire conductors, the 
ohmmeter reads O Q or very low R 
for normal continuity and infinite 
ohms for an open. 


Multiplier resistor — a large resistance 
in series with a moving-coil meter 
movement which allows the meter to 
measure voltages in a circuit. 


Ohms-per-volt (Q/V) rating — a 
voltmeter rating that specifies the 
ohms of resistance needed per 1 V of 
deflection. The Q/V rating = 1//,, or 
R/V, 


range” 

Shunt resistor — a resistor placed in 
parallel with a basic moving-coil 
meter movement to extend the 
current range beyond the /,, value of 
the meter movement. 


Zero-ohms adjustment — a control on 
an analog VOM that is adjusted for 
zero ohms with the ohmmeter leads 
shorted. This adjustment should be 
made each time the ohmmeter range 
is changed so that the ohmmeter 
scale remains calibrated. 


M 


Vm 
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Self-Test 


Answers at the back of the book. 


1. For a moving-coil meter movement, 


In is 
a. the amount of current needed in 
the moving coil to produce full- 
scale deflection of the meter’s 
pointer. 


b. the value of current flowing in the 
moving coil for any amount of 
pointer deflection. 


c. the amount of current required in 
the moving coil to produce half- 
scale deflection of the meters 
pointer. 


d. none of the above. 


. For an analog VOM with a mirror 
along the printed scale, 


a. the pointer deflection will be 
magnified by the mirror when 
measuring small values of 
voltage, current, and resistance. 


b. the meter should always be read 
by looking at the meter from the 
side. 


c. the meter is read when the 
pointer and its mirror reflection 
appear as one. 


d. both a and b. 


. Acurrent meter should have a 
very high internal resistance. 


a 
b. very low internal resistance. 


O 


. infinitely high internal resistance. 


d. none of the above. 


. Avoltmeter should have a 

a. resistance of about 0 Q. 

b. very low resistance. 

c. very high internal resistance. 


d. none of the above. 


. Voltmeter loading is usually a 
problem when measuring 
voltages in 


a. parallel circuits. 
b. low-resistance circuits. 


c. a series circuit with low- 
resistance values. 


d. high-resistance circuits. 


6. To double the current range of a 


50-uA, 2-kQ moving-coil meter 
movement, the shunt resistance, 


R,, should be 
a. 2 kQ. 
b. 1 kQ. 
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10. 


11 


12. 


c. 18 kQ. 
d. 50 kQ. 


. A voltmeter using a 20-uA meter 


movement has an Q/V rating of 


9, 20 kQ 
ye 
50 kQ 
b. VA 
c 1 kQ 
V 
q, 10 MQ 
-7V 


. As the current range of an analog 


meter is increased, the overall 
meter resistance, Ry» 


a. decreases. 
b. increases. 
c. stays the same. 


d. none of the above. 


. As the voltage range of an analog 


VOMI is increased, the total 
voltmeter resistance, Ry, 


a. decreases. 
b. increases. 
c. stays the same. 


d. none of the above. 


An analog VOM has an Q/V rating 
of 10 kQ/V. What is the voltmeter 
resistance, R,, if the voltmeter is set 
to the 25-V range? 


a. 10 kQ. 
b.10 MQ. 
c. 25 kQ. 
d. 250 kQ. 


. What shunt resistance, R,, is 


needed to make a 100-wA, 1-kQ 
meter movement capable of 
measuring currents from 0 to 

5 mA? 


a.25 Q. 

b. 10.2 Q. 
c. 20.41 Q. 
d. 1 kQ. 


For a 30-V range, a 50-wA, 2-kQ 
meter movement needs a multiplier 
resistor of 


a. 58 kQ. 

b. 598 kQ. 
c. 10 MQ. 
d. 600 kQ. 


13. 


14. 


15- 


16. 


TT: 


18. 


When set to any of the voltage 
ranges, a typical DMM has an input 
resistance of 


a. about O Q. 
b. 20 kQ. 

c. 10 MQ. 
d. 1 kQ. 


When using an ohmmeter to 
measure resistance in a circuit, 


a. the power in the circuit being 
tested must be off. 

b. the power in the circuit being 
tested must be on. 

c. the power in the circuit being 
tested may be on or off. 

d. the power in the circuit being 
tested should be turned on after 
the leads are connected. 


Which of the following voltages 
cannot be displayed by a DMM with 
a 3%-digit display? 

a. 7.64 V. 

b. 13.5 V. 

c. 19.98 V. 

d. 29.98 V. 


What type of meter can be used to 
measure AC currents without 
breaking open the circuit? 


a. An analog VOM. 
b. An amp-clamp probe. 
c. A DMM. 


d. There isn’t such a meter. 


Which of the following 
measurements is usually the most 
inconvenient and time-consuming 
when troubleshooting? 


a. resistance measurements. 
b. DC voltage measurements. 
c. current measurements. 


d. AC voltage measurements. 


An analog ohmmeter reads 18 on 
the R x 10 k range. What is the 
value of the measured resistance? 


a. 180 kQ. 
b. 18 kQ. 
c. 18 Q. 
d. 180 Q. 
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19. Which meter has a higher 
resistance, a DMM with 10 MQ 
of resistance on all DC voltage 
ranges or an analog VOM witha 
50 kQ/ V rating set to the 250-V 
range? 


a. the DMM. 
b. the analog VOM. 


resistance. 


c. They both have the same 


d. It cannot be determined. 


c. very high resistance if the wire is 
good. 


d. both a and b. 


20. When using an ohmmeter to 
measure the continuity of a wire, the 
resistance should measure 


a. about O Q if the wire is good. 


b. infinity if the wire is broken (open). 


Essay Questions 


6. 


(a) Why is a milliammeter connected in series in a 
circuit? (b) Why should the milliammeter have low 
resistance? 


(a) Why is a voltmeter connected in parallel in a circuit? 
(b) Why should the voltmeter have high resistance? 


A circuit has a battery across two resistances in series. 
(a) Draw a diagram showing how to connect a 
milliammeter in the correct polarity to read current 
through the junction of the two resistances. (b) Drawa 
diagram showing how to connect a voltmeter in the 
correct polarity to read the voltage across one resistance. 


Explain briefly why a meter shunt equal to the 
resistance of the moving coil doubles the current range. 


Describe how to adjust the zero oums control on a back- 
off ohmmeter. 


What is meant by a 3%-digit display on a DMM? 


Problems 


SECTION 8-2 METER SHUNTS 
8-1 Calculate the value of the shunt resistance, R., needed 


to extend the range of the meter movement in Fig. 8—26 


to (a) 2 mA; (b) 10 mA; (c) 25 mA; (d) 100 mA. 


Figure 8-26 


Rs 


8-2 What is the resistance, Ry, of the meter (R; in parallel 


with rw) for each of the current ranges listed in 
Prob. 8-1? 


8-3 Calculate the value of the shunt resistance, R., needed 
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to extend the range of the meter movement in Fig. 8—27 
to (a) 100 uA; (b) 1 mA; (c) 5 mA; (d) 10 mA; (e) 50 mA; 
and (f) 100 mA. 


7. Give two advantages of the DMM in Fig. 8-14 
compared with the conventional VOM in Fig. 8-13. 

8. What does the zero ohms control in the circuit of a 
back-off ohmmeter do? 

9. State two precautions to be observed when you use a 
milliammeter. 

10. State two precautions to be observed when you use an 
ohmmeter. 

11. The resistance of a voltmeter Ry is 300 kQ on the 300-V 
range when measuring 300 V. Why is R, still 300 kQ 
when measuring 250 V on the same range? 

12. Give a typical value of voltmeter resistance for a DMM. 

13. Would you rather use a DMM or VOM in 
troubleshooting? Why? 

Figure 8-27 

Rs 

8-4 What is the resistance, Ry, of the meter (R; in parallel 
with ry) for each of the current ranges listed in 
Prob. 8-3? 

8-5 Refer to Fig. 8-28. (a) Calculate the values for the 
separate shunt resistances, Re, Rez, and Ra. (b) Calculate 
the resistance, Ry, of the meter (R; in parallel with ry) 
for each setting of the range switch. 

8-6 Repeat Prob. 8—5 if the meter movement has the 
following characteristics: /y = 250 WA, ry = 2 kQ. 
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Figure 8-28 


Range Switch 


8-7 Why is it desirable for a current meter to have very low 
internal resistance? 


SECTION 8-3 VOLTMETERS 
8-8 Calculate the required multiplier resistance, Rmu in 
Fig. 8—29 for each of the following voltage ranges: 
(a) 1 V; (b) 5 V; (c) 10 V; (d) 50 V; (e) 100 V; and 
(f) 500 V. 


Figure 8-29 


mult 


— 


Voltmeter leads 


SS 
8-9 What is the Q/V rating of the voltmeter in Prob. 8-8? 
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8-10 Calculate the required multiplier resistance, R,,,.5 in 
Fig. 8-30 for each of the following voltage ranges: 
(a) 3 V; (b) 10 V; (© 30 V; (d) 100 V; and (e) 300 V. 


Figure 8-30 


mult 


— > 


Voltmeter leads 


<c 
8-11 What is the Q/V rating of the voltmeter in Prob. 8—10? 


8-12 Refer to Fig. 8-31. (a) Calculate the values for the 
multiplier resistors R,, R», R3, Rp Rs, and R,. (b) Calculate 
the total voltmeter resistance, Ry, for each setting of the 
range switch. (c) Determine the Q/V rating of the 


voltmeter. 


Figure 8-31 


Ty =100 pA 
Rs Ry Ra Rə 


Range Switch 
25V 


<—— Voltmeter leads 
Note: When using the 5000-V jack, the range switch is set to 1000 V. 


5000 V 
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8-13 Refer to Fig. 8-32. (a) Calculate the values for the 
multiplier resistors R,, Rj, R3, Ra, Re, and Rg. (b) Calculate 
the total voltmeter resistance, R,, for each setting of the 
range switch. (c) Determine the Q/V rating of the 
voltmeter. 


Figure 8-32 


Iy = 50 pA 
Rs R, R R, 7 


Range Switch 
3V 


Voltmeter leads 


1000 V 
Note: When using the 1000 V jack, the range switch is set to 300 V. 


8-14 A certain voltmeter has an Q/V rating of 25 kQ/V. 
Calculate the total voltmeter resistance, R,, for the 
following voltmeter ranges: (a) 2.5 V; (b) 10 V; (c) 25 V; 
(d) 100 V; (e) 250 V; (f) 1000 V; and (g) 5000 V. 


8-15 Calculate the Q/V rating of a voltmeter that uses 


a meter movement with an /,, value of (a) 1 mA; 
(b) 100 uA; (c) 50 uA; and (d) 10 uA. 


SECTION 8—4 LOADING EFFECT OF A VOLTMETER 


8-16 Refer to Fig. 8-33. (a) Calculate the DC voltage that 
should exist across R, without the voltmeter present. 
(b) Calculate the DC voltage that would be measured 
across R, using a 10 kQ/V analog voltmeter set to the 
10-V range. (c) Calculate the DC voltage that would be 
measured across R, using a DMM having an R, of 
10 MQ on all DC voltage ranges. 


Figure 8-33 


R, =100 kQ 


R, = 150 KQ 


8-17 Repeat Prob. 8-16 if R = 1 kQ and R,=1.5kQ. 
8-18 Refer to Fig. 8-34. (a) Calculate the DC voltage that 


should exist across R, without the voltmeter present. 
(b) Calculate the DC voltage that would be measured 
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across R, using a 100 kQ/V analog voltmeter set to the 
10-V range. (c) Calculate the DC voltage that would be 
measured across R, using a DMM with an R, of 10 MQ 
on all DC voltage ranges. 


Figure 8-34 


R,=1MQ 


Ry =1MQ 


R3=1MQ 


8-19 In Prob. 8-18, which voltmeter produced a greater 
loading effect? Why? 


8-20 In Fig. 8-35, determine (a) the voltmeter resistance, Ry, 
and (b) the corrected voltmeter reading using 
Formula (8-4). 


Figure 8-35 


R,= 120 kQ 


Q/V rating = 
20 kQ/V 
Vrange E 
15V 
Voltmeter 
reading = 
121V 


Ry = 180 KQ 


SECTION 8-5 OHMMETERS 


8-21 Figure 8-36 shows a series ohmmeter and its 
corresponding meter face. How much is the external 
resistance, R,, across the ohmmeter leads for (a) full- 
scale deflection; (b) three-fourths full-scale deflection; 
(c) one-half-scale deflection; (d) one-fourth full-scale 
deflection; and (e) no deflection? 


8-22 In Fig. 8—36, how much is the external resistance, Ry, 
for (a) four-fifths full-scale deflection; (b) two-thirds 
full-scale deflection; (c) three-fifths full-scale deflection; 
(d) two-fifths full-scale deflection; (e) one-third full-scale 
deflection; and (f) one-fifth full-scale deflection. 


8-23 If the resistance values in Probs. 8—21 and 8-22 were 
plotted on the scale of the meter face in Fig. 8-36, 
would the scale be linear or nonlinear? Why? 


8-24 For the series ohmmeter in Fig. 8-36, is the orientation 
of the ohmmeter leads important when measuring the 
value of a resistor? 
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Figure 8-36 


Ohmmeter 


Ohmmeter leads 


External resistor 
Rx 


8-25 Why is the ohmmeter scale in Fig. 8—36 referred to as a 
back-off ohmmeter scale? 


8-26 An analog ohmmeter has five range settings: RX 1, 
RX10,RX100,RX1 kand Rx 10k. Determine the 
measured resistance for each ohmmeter reading listed 


below. 

Measured 
Ohmmeter Reading Range Setting Resistance 

2.4 Rx 100 2 

100 Rx10 2 

8.6 Rx 10k 2 

II Rx ? 

100 RxX1k 2 

30 Rx 100 2 

500 RX 10 kQ 2 


8-27 Analog multimeters have a zero-ohm adjustment 
control for the ohmmeter portion of the meter. What 
purpose does it serve and how is it used? 


SECTION 8-8 METER APPLICATIONS 


8-28 On what range should you measure an unknown value 
of voltage or current? Why? 


8-29 What might happen to an ohmmeter if it is connected 
across a resistor in a live circuit? 


8-30 Why is one lead of a resistor disconnected from the 
circuit when measuring its resistance value? 


8-31 Is a current meter connected in series or in parallel? 
Why? 
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8-32 How can the inconvenience of opening a circuit to 
measure current be eliminated in most cases? 


8-33 What is the resistance of a 
a. good fuse? 


b. blown fuse? 


8-34 In Fig. 8-37, list the voltages at points A, B, C, and D 
(with respect to ground) for each of the following 


situations: 
a. All resistors normal. 
b. R, open. 
c. R open. 
d. R, open. 
e. R, open. 
Figure 8-37 
A R =1KQ B 


Ry =2KO 
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Critical Thinking 


8-35 Figure 8-38 shows a universal-shunt current meter. 
Calculate the values for R,, R,, and R, that will provide 
current ranges of 2,10, and 50 mA. 


Figure 8-38 Circuit diagram for Critical Thinking Prob. 8-35. 


m= 509 


Answers to Self-Reviews 3-1 
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8-2 


o o 


ooo 


o 


8-36 Design a series ohmmeter using a 2-kQ, 50-uA meter 
movement and a 1.5-V battery. The center-scale ohm 
reading is to be 150 Q. 


8-37 The voltmeter across R, in Fig. 8—39 shows 20 V. If the 


voltmeter is set to the 30-V range, calculate the Q/V 
rating of the meter. 


% scale 


. There is no deflection. 


450 uA 


. 0.045 V 


100 Q 


50 kQ 


. 1 MQ 


series 


. parallel 


500 kQ 


80 V 
40V 


400 Q 
AV 


Figure 8-39 Circuit diagram for Critical Thinking Prob. 8-37. 


R, = 150 kQ 


R = 150 kQ 


- 20 kQ 


b. 10 MQ 


false 


a. true 


[o gg’) 


anro 


« true 


. ohmmeter 


. right edge 
. co ohms 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the concept 
of voltmeter loading. As you will learn, voltmeter loading can be 
a problem when measuring voltages in high-resistance circuits 
but is usually not a problem when measuring voltages in low- 
resistance circuits. This lab application assignment also proves 
that a DMM produces less of a loading effect than an analog 
VOM. 


Equipment: Obtain the following items from your instructor. 
+ Variable dc power supply 
* Assortment of carbon-film resistors 
+ Simpson 260 analog VOM or equivalent (Q/V rating = 
20 kQ/V) 
DMM 


Voltmeter Loading 


Calculate the voltmeter resistance, Ry, of the analog VOM 
when set to the 10-V range (R, = Q/V rating X Vange setting); 
R= . Next, connect the leads of your DMM to the 
leads of the analog VOM. With your DMM set to measure 
resistance and the analog VOM set to the 10-V range, measure 


and record the voltmeter resistance, Ry: Ry = 


Examine the circuit in Fig. 8-40. Calculate and record the 
voltage across Rj: V, = 


Figure 8-40 


R, =150 KQ 


R, = 100 KQ 


Construct the series circuit in Fig. 8-40. With your analog 
VOM set to the 10-V range, measure and record the voltage 
across Rj: V,= 


ow does your measured value compare to your calculated 
value? 


Remeasure the voltage across R, using your DMM: V, = 


ow does this value compare to your calculated value? 


Which meter loaded the circuit more, the analog VOM or the 
DMM? 
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How do you know? 


What is the voltmeter resistance of your DMM on all voltage 
ranges? 


Examine the circuit in Fig. 8-41. Calculate and record the 
voltage across R»: V, = 


Figure 8-41 


R,=15kQ 


Ry =1kQ 


Construct the series circuit in Fig. 8-41. With your analog 
VOM set to the 10-V range, measure and record the voltage 
across Rj: V = 

How does your measured value compare to your calculated 
value? 


Remeasure the voltage across R, using your DMM: V, = 


How does this value compare to your calculated value? 


Did the analog VOM load the circuit when measuring the 
voltage, V5, in Fig. 8-41? 


f not, why? 


n Fig. 8—40, draw the equivalent circuit with the analog VOM 
connected to measure the voltage drop across R. Do the same 
in Fig. 8-41. Describe the differences in each of the equivalent 
circuits. 


In general, describe why voltmeter loading is more likely to be a 
problem when measuring voltages in high-resistance circuits 
rather than low-resistance circuits. 
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Cumulative Review Summary (Chapters 7 and 8) 


In a series voltage divider, the /R drop 
across each resistance is proportional 
to its R. A larger R has a larger voltage 
drop. Each Vp = (R/R) X V;. In this 
way, the series voltage drops can be 
calculated from V, without /. 


In a parallel current divider, each 
branch current is inversely related to 
its R. A smaller R has more branch 
current. For only two resistances, we 
can use the inverse relation 


1, =[R,/(R, + RIX h 


In this way, the branch currents can 
be calculated from /; without V. 


Cumulative Self-Test 


Answers at the back of the book. 
Answer True or False. 


1. 


The internal R of a milliammeter 
must be low to have minimum effect 
on l in the circuit. 


. The internal R of a voltmeter must be 


high to have minimum current 
through the meter. 


. Power must be off when checking 


resistance in a circuit because the 
ohmmeter has its own internal 
battery. 


Design credit Multisim: ©Stockbyte/Getty Images 
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In a parallel current divider, each 
branch current is directly 
proportional to its conductance G. A 
larger G has more branch current. For 
any number of parallel resistances, 
each branch /= (G/G,) X h. 


A milliammeter or ammeter is a low- 
resistance meter connected in series 
in a circuit to measure current. 


Different current ranges are obtained 
by meter shunts in parallel with the 
meter. 


A voltmeter is a high-resistance 
meter connected across the voltage 
to be measured. 


. In the series voltage divider in 


Fig. 8-19, the normal voltage from 
point B to ground is 75 V. 


. In Fig. 8-19, the normal voltage 


across R}, between A and B, is 75 V. 


. The highest ohm range is best for 


checking continuity with an 
ohmmeter. 


. With four equal resistors in a series 


voltage divider with V, of 44.4 V, each 
IR drop is 11.1 V. 


10. 


11. 


12. 


Different voltage ranges are obtained 
by multipliers in series with the meter. 


An ohmmeter has an internal battery 
to indicate the resistance of a 
component across its two terminals 
with external power off. 


n making resistance tests, remember 
that R= 0 Q for continuity or a short 
circuit, but the resistance of an open 
circuit is infinitely high. 

Figure 8-1 shows a VOM and DMM. 
Both types can be used for voltage, 
current, and resistance 
measurements. 


. With four equal resistors in parallel 


with /, of 44.4 mA, each branch 
current is 11.1 mA. 


. Series voltage drops divide V, in 


direct proportion to each series R. 


Parallel currents divide /, in direct 
proportion to each branch R. 


The VOM cannot be used to 
measure current. 


The DMM can be used as a high- 
resistance voltmeter. 
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Kirchhoffs Laws 


M any types of circuits have components that are not in series, in parallel, or in 


series-parallel. For example, a circuit may have two voltages applied in different 
branches. Another example is an unbalanced bridge circuit. When the rules of series 
and parallel circuits cannot be applied, more general methods of analysis become 
necessary. These methods include the application of Kirchhoff’s laws, as described in 
this chapter. 


All circuits can be solved by Kirchhoff’s laws because the laws do not depend on 
series or parallel connections. Although Kirchhoffs voltage and current laws were 
introduced briefly in Chaps. 4 and 5, respectively, this chapter takes a more in-depth 
approach to using Kirchhoffs laws for circuit analysis. 


Kirchhoffs voltage and current laws were stated in 1847 by German physicist Gustav 
R. Kirchhoff. As stated in Chaps. 4 and 5, Kirchhoffs voltage law and Kirchhoffs 
current law are abbreviated KVL and KCL, respectfully. Both laws are expressed here. 


KVL: The algebraic sum of the voltage sources and /R voltage drops in any closed 
path must total zero. 


KCL: At any point in a circuit, the algebraic sum of the currents directed into and out 
of a point must total zero. 


These are the most precise statements of Kirchhoffs voltage and current laws. As 
you will see in this chapter, these statements do not conflict with the more general 


statements of Kirchhoff’s laws used in earlier chapters. E 


Chapter outline 


9-1 Kirchhoff’s Current Law (KCL) 9-4 Node-Voltage Analysis 
9-2 Kirchhoff’s Voltage Law (KVL) 9-5 Method of Mesh Currents 
9-3 Method of Branch Currents 


After studying this chapter, you should be able to 


m State Kirchhoff’s current law. containing two or more voltage sources in 

State Kirchhoft’s voltage law. different branches. 

m Usethe method of branch currents to solve m Use the method of mesh currents to solve 
for all voltages and currents in a circuit for the unknown voltages and currents in a 
containing two or more voltage sources in circuit containing two or more voltage 
diferent branches. sources in different branches. 


Œ Use node-voltage analysis to solve for the 
unknown voltages and currents in a circuit 


ms 
Kirchhoff’s current law (KCL) loop equation node 
Kirchhoff’s voltage law (KVL) mesh principal node 
loop mesh current 
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GOOD TO KNOW 


The currents entering and leaving 
point P in Fig. 9-1 can be 
compared to the flow of water in 
a pipeline. The total of all waters 
entering point P must equal the 


total of all waters leaving point P. 


Figure 9-1 Current J, out from point 
P equals 5A + 3 A into P. 
‘n= 5A 
`x 
NEP k=8A 
$------- > 
ral 
A 
Fa 
RESA 
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9-1 Kirchhoff’s Current Law (KCL) 


The algebraic sum of the currents entering and leaving any point in a circuit must 
equal zero. Or stated another way, the algebraic sum of the currents into any point 
of the circuit must equal the algebraic sum of the currents out of that point. Other- 
wise, charge would accumulate at the point, instead of having a conducting path. An 
algebraic sum means combining positive and negative values. 


Algebraic Signs 


In using Kirchhoff’s laws to solve circuits, it is necessary to adopt conventions that 
determine the algebraic signs for current and voltage terms. A convenient system for 
currents is to consider all currents into a branch point as positive and all currents 
directed away from that point as negative. 

For example, in Fig. 9-1, we can write the currents as 


ith -1=0 
or 
5A+3A-8A=0 


Currents Z, and J are positive terms because these currents flow into P, but Zc, 
directed out, is negative. 


Current Equations 


For a circuit application, refer to point C at the top of the diagram in Fig. 9-2. The 
6-A I, into point C divides into the 2-A J, and 4-A J, ;, both directed out. Note that 
L, is the current through R, and R,. The algebraic equation is 


[I,-I,-L,,=0 
Substituting the values for these currents, 
6A-2A-4A=0 


For the opposite directions, refer to point D at the bottom of Fig. 9-2. Here the 
branch currents into D combine to equal the main-line current 7, returning to the 


Figure 9-2 Series-parallel circuit illustrating Kirchhoff’s laws. See text for 
voltage and current equations. 

V,=30V V,=40V 

R,=52 R,=102 
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Kirchhoff ’s Laws 


voltage source. Now J, is directed out from D with J, and L, ; directed in. The alge- 
braic equation is 


I,+1,,-1,=0 
or 

2A+4A-6A=0 
B= bout 


Note that at either point C or point D in Fig. 9-2, the sum of the 2-A and 4-A branch 
currents must equal the 6-A total line current. Therefore, Kirchhoff’s current law 
can also be stated as Z, = Zu: For Fig. 9-2, the equations of current can be written: 


in out* 


At point C: 6A=2A+4A 
At point D: 2A+4A=6A 


Kirchhoff’s current law is the basis for the practical rule in parallel circuits that the 
total line current must equal the sum of the branch currents. 


Example 9-1 


In Fig. 9-3, apply Kirchhoff’s current law to solve for the unknown current, /,. 


Figure 9-3 
L=25A L=6A 
Xx 
bh=8A 
L=? 15=9A 


ANSWER In Fig. 9-3, the currents /,, /,, and J, flowing into point X are 
considered positive, whereas the currents J, and Z, flowing away from point X 
are considered negative. Expressing the currents as an equation gives us 
+i4+1,-1,-1,=0 
or 
L+th+L=44; 
Inserting the values from Fig. 9-3, 
25A+8A+Lh,=6A+9A 
Solving for J, gives us 


L=6A+9A-25A-8A 
=4.5 A 
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GOOD TO KNOW 


Kirchhoff’s voltage and current 
laws can be applied to all types of 
electronic circuits, not just those 
containing DC voltage sources 
and resistors. For example, KVL 
and KCL can be applied when 


analyzing circuits containing 


diodes, transistors, op-amps, etc. 


PIONEERS 
IN ELECTRONICS 


German physicist Gustav Kirchhoff 
(1824-1887) is best known for his 


statement of two basic laws of the 


behavior of current and voltage. 
Developed in 1847, these laws 
enable scientists to understand, 
and therefore evaluate the behavior 


of networks. 
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E 9-7 Self-Review 
Answers at the end of the chapter. 
a. Witha1-A J, 2-A L, and 3-A J, into a point, how much is Zu? 


out * 


b. IfJ, into a point is 3 A and J, out of that point is 7 A, how much is J, 
into that point? 


9-2 Kirchhoff’s Voltage Law (KVL) 


The algebraic sum of the voltages around any closed path is zero. If you start from 
any point at one potential and come back to the same point and the same potential, 
the difference of potential must be zero. 


Algebraic Signs 


In determining the algebraic signs for voltage terms in a KVL equation, first mark 
the polarity of each voltage, as shown in Fig. 9-2. A convenient system is to go 
around any closed path and consider any voltage whose negative terminal is reached 
first as a negative term and any voltage whose positive terminal is reached first as a 
positive term. This method applies to ZR voltage drops and voltage sources. The 
direction can be clockwise or counterclockwise. 

Remember that electrons flowing into a resistor make that end negative with 
respect to the other end. For a voltage source, the direction of electrons return- 
ing to the positive terminal is the normal direction for electron flow, which 
means that the source should be a positive term in the voltage equation. 

When you go around the closed path and come back to the starting point, the 
algebraic sum of all the voltage terms must be zero. There cannot be any potential 
difference for one point. 

If you do not come back to the start, then the algebraic sum is the voltage 
between the start and finish points. 

You can follow any closed path because the voltage between any two points in a 
circuit is the same regardless of the path used in determining the potential difference. 


Loop Equations 


Any closed path is called a Joop. A loop equation specifies the voltages around the loop. 

Figure 9-2 has three loops. The outside loop, starting from point A at the top, 
through CEFDB, and back to A, includes the voltage drops V,, V}, V;, and V, and the 
source Vy. 

The inside loop ACDBA includes V,, V}, V» and V,. The other inside loop, 
CEFDC with V,, V;, and V;, does not include the voltage source. 

Consider the voltage equation for the inside loop with V,. In the clockwise direc- 
tion starting from point A, the algebraic sum of the voltages is 


-V,-V;-V,+V,;=0 
or 
—30 V — 120 V — 90 V + 240 V =0 
Voltages V,, V;, and V, have negative signs, because the negative terminal for each 
of these voltages is reached first. However, the source V, is a positive term because 
its plus terminal is reached first, going in the same direction. 
For the opposite direction, going counterclockwise in the same loop from point 
B at the bottom, V,, V}, and V, have positive values and V; is negative. Then 
V,+V;+V,-V,=0 
or 
90 V + 120 V + 30 V — 240 V =0 


Chapter 9 


Kirchhoff’s Laws 


When we transpose the negative term of —240 V, the equation becomes 
90 V + 120 V + 30 V = 240 V 


This equation states that the sum of the voltage drops equals the applied voltage. 


IV=V, 


The Greek letter & means “sum of.” In either direction, for any loop, the sum of the 
IR voltage drops must equal the applied voltage V,,. In Fig. 9-2, for the inside loop 
with the source Vy, going counterclockwise from point B, 


90 V + 120 V + 30 V = 240 V 


This system does not contradict the rule for algebraic signs. If 240 V were on the 
left side of the equation, this term would have a negative sign. 

Stating a loop equation as XV = V, eliminates the step of transposing the nega- 
tive terms from one side to the other to make them positive. In this form, the loop 
equations show that Kirchhoff’s voltage law is the basis for the practical rule in 
series circuits that the sum of the voltage drops must equal the applied voltage. 

When a loop does not have any voltage source, the algebraic sum of the JR voltage 
drops alone must total zero. For instance, in Fig. 9-2, for the loop CEFDC without 
the source Vy, going clockwise from point C, the loop equation of voltages is 


-~V,-V;+V,=0 
—40 V — 80 V + 120V =0 
0=0 


Notice that V, is positive now because its plus terminal is reached first by going 
clockwise from D to C in this loop. 


Example 9-2 


In Fig. 9-4a, apply Kirchhoff’s voltage law to solve for the voltages V,,, and V,.. 


ANSWER In Fig. 9-4a, the voltage sources V, and V, are connected in a 
series-aiding fashion since they both force electrons to flow through the circuit in 
the same direction. The earth ground connection at the junction of V, and V, is 
used simply for a point of reference. The circuit is solved as follows: 


V,=V,+V, 
=18V+18V=36V 
R,=R, +R, +R, 
= 120 Q + 100 Q + 180 Q = 400 Q 


_ 36V 


= zoog 7 20mA 


V, =I xk, 
= 90 mA x 120 Q = 10.8 V 


V =IXR, 
=90mA x 1002=9V 


Vp 51X R; 
 =90 mA x 180 Q = 16.2 V 


279 


280 


Figure 9-4 


R, = 1200 


R, = 1809 
(b) 


Figure 9-4b shows the voltage drops across each resistor. Notice that the 
polarity of each resistor voltage drop is negative at the end where the electrons 
enter the resistor and positive at the end where they leave. 

Next, we can apply Kirchhoff’s voltage law to determine if we have solved the 
circuit correctly. If we go counterclockwise (CCW) around the loop, starting and 
ending at the positive (+) terminal of V,, we should obtain an algebraic sum of 
O V. The loop equation is written as 


Vi +V, — V, — Vp -Vp =0 


Notice that the voltage sources V, and V, are considered positive terms in the 
equation because their positive (+) terminals were reached first when going 
around the loop. Similarly, the voltage drops Vio Vp» and Vp are considered 
negative terms because the negative (—) end of each resistor’s voltage drop is 
encountered first when going around the loop. 

Substituting the values from Fig. 9-4b gives us 


18V+18V—-162V—9V-—-108V=0 


It is important to realize that the sum of the resistor voltage drops must equal the 
applied voltage, V,, which equals V, + V, or 36 V in this case. Expressed as an 
equation, 


Vea Vg PV Vg. 
=10.8V+9V+16.2V 
=36 V 
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It is now possible to solve for the voltages V,, and V,,, by applying Kirchhoff’ s 
voltage law. To do so, simply add the voltages algebraically between the start and 
finish points which are points A and G for V,, and points B and G for V,,. Using 
the values from Fig. 9-4b, 


Vie =—Vp + Vi (CCW from A to G) 
= —10.8 V + 18 V 
=7.2 V 


Going clockwise (CW) from A to G produces the same result. 


Vag = Ve, + Ve, — V» (CW from A to G) 
=9V +16.2 V -18V 
=7.2V 


Since there are fewer voltages to add going counterclockwise from point A, it is 
the recommended solution for V,,. 
The voltage, V,,, is found by using the same technique. 
Vac = Vp — Vo (CW from B to G) 
=16.2 V-18 V 
=-18V 


Going around the loop in the other direction gives us 


Vag = =V = Vp, +V (CCW from B to G) 
=—9 V -10.8 V +18 V 
=-18V 


Since there are fewer voltages to add going clockwise from point B, it is the 
recommended solution for Vg. 


E 9-2 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 9-2. 

a. For partial loop CEFD, what is the total voltage across CD with 
—40 V for V, and —80 V for V,? 

b. For loop CEFDC, what is the total voltage with —40 V for V,, —80 V 
for V., and including 120 V for V,? 


9-3 Method of Branch Currents 


Now we can use Kirchhoff’s laws to analyze the circuit in Fig. 9-5. The problem is 
to find the currents and voltages for the three resistors. 

First, indicate current directions and mark the voltage polarity across each resis- 
tor consistent with the assumed current. Remember that electron flow in a resistor 
produces negative polarity where the current enters. In Fig. 9-5, we assume that the 
source V, produces electron flow from left to right through R,, and V, produces 
electron flow from right to left through R,. 

The three different currents in R,, R,, and R, are indicated as /,, J}, and J,. How- 
ever, three unknowns would require three equations for the solution. From 
Kirchhoff’s current law, 7, = J, + h, as the current out of point C must equal the 
current in. The current through R,, therefore, can be specified as J, + J. 
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GOOD TO KNOW 
In Fig. 9-5, l; = 1, + |, as shown. 
The current /, = /, — l, and the 


current I> — pies 
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Figure 9-5 Application of Kirchhoff’s laws to a circuit with two sources in 
different branches. See text for solution by finding the branch currents. 


R,=12Q Ro =3Q 


With two unknowns, two independent equations are needed to solve for J, and J,. 
These equations are obtained by writing two Kirchhoff’s voltage law equations 
around two loops. There are three loops in Fig. 9-5, the outside loop and two inside 
loops, but we need only two. The inside loops are used for the solution here. 


Writing the Loop Equations 


For the loop with V,, start at point B, at the bottom left, and go clockwise through 
V,, V,, and V, . This equation for loop 1 is 


84- V, — Vp =0 


For the loop with V,, start at point F, at the lower right, and go counterclockwise 
through V,, V,, and V, . This equation for loop 2 is 


21-V, —V, =0 
Using the known values of R}, R,, and R, to specify the JR voltage drops, 


V =LR =1, x 12= 121, 
V = LR, =1,x3 = 3, 
Vp, = (l, + L)R, = 67, + L) 


Substituting these values in the voltage equation for loop 1, 
84 — 1271,- 67, + 1,)=0 

Also, in loop 2, 
21 —31,-67,+1,)=0 


Multiplying (Z, + Z) by 6 and combining terms and transposing, the two equations 
are 


—187, — 61, = —84 
—6I, — 9I, = —21 


Divide the top equation by —6 and the bottom equation by —3 to reduce the equa- 
tions to their simplest terms and to have all positive terms. The two equations in 
their simplest form then become 


3 +L=14 
21, +3=7 
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These two equations with the two unknowns /, and J, contain the solution of the 
network. Note that the equations include every resistance in the circuit. Currents /, 
and J, can be calculated by any of the methods for the solution of simultaneous 
equations. Using the method of elimination, multiply the top equation by 3 to make 
the /, terms the same in both equations. Then 


91, + 31, = 42 
21, + 3L,=7 


Subtract the bottom equation from the top equation, term by term, to eliminate J. 
Then, since the J, term becomes zero, 


TI, = 35 
L=5A 


The 5-A Z, is the current through R}. Its direction is from A to C, as assumed, 
because the answer for /, is positive. 

To calculate /,, substitute 5 for /, in either of the two loop equations. Using the 
bottom equation for the substitution, 


2(5) + 3 =7 
31L,=7-10 
31, =-3 
L=-1A 


The negative sign for /, means that this current is opposite to the assumed direction. 
Therefore, /, flows through R, from C to E instead of from E to C as was previously 
assumed. 


Why the Solution for I, Is Negative 


In Fig. 9-5, I, was assumed to flow from E to C through R, because V, produces 
electron flow in this direction. However, the other voltage source V, produces elec- 
tron flow through R, in the opposite direction from point C to E. This solution of 
—1 A for J, shows that the current through R, produced by V, is more than the cur- 
rent produced by V,. The net result is 1 A through R, from C to E. 

The actual direction of J, is shown in Fig. 9—6 with all the values for the solution 
of this circuit. Notice that the polarity of V, is reversed from the assumed polarity 


Figure 9-6 Solution of circuit in Fig. 9-5 with all currents and voltages. 


R,=12Q Ry =32 
Vp, = 60 V Vp, =3V 
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in Fig. 9-5. Since the net electron flow through R, is actually from C to E, the end 
of R, at C is the negative end. However, the polarity of V, is the same in both dia- 
grams because it is a voltage source that generates its own polarity. 

To calculate /, through R,, 


I,=1,+h=5+(-l) 
L=4A 


The 4 A for J, is in the assumed direction from C to D. Although the negative 
sign for Z, means only a reversed direction, its algebraic value of —1 must 
be used for substitution in the algebraic equations written for the assumed 
direction. 


Calculating the Voltages 


With all the currents known, the voltage across each resistor can be calculated as 
follows: 


V =1R,=5x12=60V 

V,=LR,=1x3=3V 

Vg = GR, =4x6=24V 
All currents are taken as positive, in the correct direction, to calculate the voltages. 
Then the polarity of each ZR drop is determined from the actual direction of current, 
with electron flow into the negative end (see Fig. 9-6). Notice that V, and V, 


have opposing polarities in loop 2. Then the sum of +3 V and —24 V equals the 
—21 V of V}. 


Checking the Solution 


As a summary of all the answers for this problem, Fig. 9-6 shows the network with 
all currents and voltages. The polarity of each Vis marked from the known directions. 
In checking the answers, we can see whether Kirchhoff’s current and voltage laws are 
satisfied: 


At point C: SA=4A+4+1A 
At point D: 4A+1A=5A 


Around the loop with V, clockwise from B, 
84 V —60 V-24V=0 

Around the loop with V, counterclockwise from F, 
21V+3V—24V=0 


Note that the circuit has been solved using only the two Kirchhoff laws without 
any of the special rules for series and parallel circuits. Any circuit can be solved by 
applying Kirchhoff’s laws for the voltages around a loop and the currents at a branch 
point. 


E 9-3 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 9-6. 
a. How much is the voltage around the partial loop CEFD? 
b. How much is the voltage around loop CEFDC? 
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GOOD TO KNOW 


Many people prefer to use node- 
voltage analysis rather than the 
method of branch currents when 
solving complex circuits. The 
reason is that node-voltage 
analysis does not always require 
the use of simultaneous 
equations as does the method of 


branch currents. 
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9-4 Node-Voltage Analysis 


In the method of branch currents, these currents are used for specifying the voltage 
drops around the loops. Then loop equations are written to satisfy Kirchhoff’s voltage 
law. Solving the loop equations, we can calculate the unknown branch currents. 

Another method uses voltage drops to specify the currents at a branch point, also 
called a node. Then node equations of currents are written to satisfy Kirchhoff’s 
current law. Solving the node equations, we can calculate the unknown node volt- 
ages. This method of node-voltage analysis is often shorter than the method of 
branch currents. 

A node is simply a common connection for two or more components. A princi- 
pal node has three or more connections. In effect, a principal node is a junction or 
branch point where currents can divide or combine. Therefore, we can always write 
an equation of currents at a principal node. In Fig. 9-7, points N and G are principal 
nodes. 

However, one node must be the reference for specifying the voltage at any other 
node. In Fig. 9-7, point G connected to chassis ground is the reference node. There- 
fore, we need to write only one current equation for the other node N. In general, the 
number of current equations required to solve a circuit is one less than the number 
of principal nodes. 


Writing the Node Equations 


The circuit of Fig. 9-5, earlier solved by the method of branch currents, is redrawn 
in Fig. 9-7 to be solved now by node-voltage analysis. The problem here is to find 
the node voltage Vy from N to G. Once this voltage is known, all other voltages and 
currents can be determined. 

The currents in and out of node N are specified as follows: 7, is the only current 
through the 12-Q R,. Therefore, /, is Vg /Rı or V,/12 Q. Similarly, J, is V, /3 Q. 
Finally, J, is V} /6 Q. 

Note that V, is the node voltage V, that we are to calculate. Therefore, 7, can also 
be stated as V,/6 Q. The equation of currents at node N is 


L+L=1, 
or 
COR Va 
B 3G 


Figure 9-7 Method of node-voltage analysis for the same circuit as in Fig. 9-5. See text 
for solution by finding Vy across R, from the principal node N to ground. 
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There are three unknowns here, but V, and V, can be specified in terms of Vy 
and the known values of V, and V,. We can use Kirchhoff” s voltage law because the 
applied voltage V must equal the algebraic sum of the voltage drops. For the loop 
with V, of 84 V, 


V, +Vy=84 or V, =84-Vy 
For the loop with V, of 21 V, 
V.t+Vy=21 or V, =21-Vy 


Now substitute these values of V, and V, in the equation of currents: 


1+1L=1, 
Vii Vins 
R, R, R, 


Using the value of each V in terms of Vy, 


84- Vy 21-Ww_ Ys 
12 3 6 


This equation has only the one unknown, Vp. Clearing fractions by multiplying each 
term by 12, the equation is 


(84 — V,) + 4(21-V.) =2 Vy 
84-V.+84-4V,=2V, 
-7 V, = —168 

V =24V 


This answer of 24 V for Vy is the same as that calculated for V, _ by the method of 
branch currents. The positive value means that the direction of L ‘is correct, making 
Vy negative at the top of R, in Fig. 9-7. 


Calculating All Voltages and Currents 


The reason for finding the voltage at a node, rather than some other voltage, is the 
fact that a node voltage must be common to two loops. As a result, the node voltage 
can be used for calculating all voltages in the loops. In Fig. 9-7, with a V, of 24 V, 
then V, must be 84 — 24 = 60 V. Also, J, is 60 V/12 Q, which equals 5 A. 

To find Vp» it must be 21—24, which equals —3 V. The negative answer means 
that J, is opposite to the assumed direction and the polarity of V, is the reverse of 
the signs shown across R, in Fig. 9-7. The correct directions are shown in the 
solution for the circuit in Fig. 9-6. The magnitude of J, is 3 V/3 Q, which 
equals 1 A. 

The following comparisons can be helpful in using node equations and loop 
equations. A node equation applies Kirchhoff’s current law to the currents in and 
out of a node. However, the currents are specified as V/R so that the equation of 
currents can be solved to find a node voltage. 

A loop equation applies Kirchhoff’s voltage law to the voltages around a closed 
path. However, the voltages are specified as JR so that the equation of voltages can 
be solved to find a loop current. This procedure with voltage equations is used for 
the method of branch currents explained before with Fig. 9-5 and for the method of 
mesh currents to be described next in Fig. 9-8. 


E 9-4 Self-Review 


Answers at the end of the chapter. 


a. How many principal nodes does Fig. 9-7 have? 
b. How many node equations are necessary to solve a circuit with three 
principal nodes? 
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GOOD TO KNOW 


In Fig. 9-8, R, is often referred 
to as a mutual resistance because 


it is shared by two mesh currents. 
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9-5 Method of Mesh Currents 


A mesh is the simplest possible closed path. The circuit in Fig. 9-8 has two 
meshes, ACDBA and CEFDC. The outside path ACEFDBA is a loop but not a 
mesh. Each mesh is like a single window frame. There is only one path without 
any branches. 

A mesh current is assumed to flow around a mesh without dividing. In Fig. 9-8, 
the mesh current Z, flows through V,, R,, and R,; mesh current J, flows through V,, 
R,, and R,. A resistance common to two meshes, such as R,, has two mesh currents, 
which are 7, and J, here. 

The fact that a mesh current does not divide at a branch point is the difference 
between mesh currents and branch currents. A mesh current is an assumed current, 
and a branch current is the actual current. However, when the mesh currents are 
known, all individual currents and voltages can be determined. 

For example, Fig. 9-8, which is the same circuit as Fig. 9-5, will now be solved 
by using the assumed mesh currents /, and /,. The mesh equations are 


187, — 6/, = 84 V in mesh A 
—61, + 97, =—21 V in mesh B 


Writing the Mesh Equations 


The number of meshes equals the number of mesh currents, which is the number 
of equations required. Here two equations are used for /, and J, in the two 
meshes. 

The assumed current is usually taken in the same direction around each mesh to 
be consistent. Generally, the clockwise direction is used, as shown for Z, and J, in 
Fig. 9-8. 

In each mesh equation, the algebraic sum of the voltage drops equals the applied 
voltage. 

The voltage drops are added going around a mesh in the same direction as its 
mesh current. Any voltage drop in a mesh produced by its own mesh 
current is considered positive because it is added in the direction of the mesh 
current. 

Since all the voltage drops of a mesh current in its own mesh must have the same 
positive sign, they can be written collectively as one voltage drop by adding 
all resistances in the mesh. For instance, in the first equation, for mesh A, the total 
resistance equals 12 + 6, or 18 Q. Therefore, the voltage drop for J, is 187, in 
mesh A. 


Figure 9-8 The same circuit as Fig. 9-5 analyzed as two meshes. See text for solution by 
calculating the assumed mesh currents /, and lg. 


A ies car We ok. Ç i a E 


181, — 6g = 84 V -6l, + Ig = -21 V 
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In the second equation, for mesh B, the total resistance is 3 + 6, or 9 Q, making 
the total voltage drop 9/, for 7, in mesh B. You can add all resistances in a 
mesh for one R, because they can be considered in series for the assumed mesh 
current. 

Any resistance common to two meshes has two opposite mesh currents. In 
Fig. 9-8, 7, flows down and J, is up through the common R,, with both currents 
clockwise. As a result, a common resistance has two opposing voltage drops. One 
voltage is positive for the current of the mesh whose equation is being written. The 
opposing voltage is negative for the current of the adjacent mesh. 

In mesh A, the common 6-Q R, has opposing voltages 67, and —6/,. The 6/, of 
R, adds to the 12/, of R, for the total positive voltage drop of 18/, in mesh A. With 
the opposing voltage of —6/,, then the equation for mesh A is 18/, — 6/, = 84 V. 

The same idea applies to mesh B. However, now the voltage 6/, is positive 
because the equation is for mesh B. The —6/, voltage is negative here because 7, is 
for the adjacent mesh. The 6/, adds to the 3/, of R, for the total positive voltage drop 
of 9/, in mesh B. With the opposing voltage of —6/,, the equation for mesh B then 
is —6/, + 97, = —21 V. 

The algebraic sign of the source voltage in a mesh depends on its polarity. 
When the assumed mesh current flows into the positive terminal, as for V, in 
Fig. 9-8, it is considered positive for the right-hand side of the mesh equation. This 
direction of electron flow produces voltage drops that must add to equal the applied 
voltage. 

With the mesh current into the negative terminal, as for V, in Fig. 9-8, it is con- 
sidered negative. This is why V, is —21 V in the equation for mesh B. Then V, is 
actually a load for the larger applied voltage of V,, instead of V, being the source. 
When a mesh has no source voltage, the algebraic sum of the voltage drops must 
equal zero. 

These rules for the voltage source mean that the direction of electron flow is 
assumed for the mesh currents. Then electron flow is used to determine the polarity 
of the voltage drops. Note that considering the voltage source as a positive value 
with electron flow into the positive terminal corresponds to the normal flow of 
electron charges. If the solution for a mesh current comes out negative, the actual 
current for the mesh must be in the direction opposite from the assumed current 
flow. 


Solving the Mesh Equations 
to Find the Mesh Currents 


The two equations for the two meshes in Fig. 9-8 are 


181, — 61, = 84 
-61, + 9, = —21 


These equations have the same coefficients as the voltage equations written for the 
branch currents, but the signs are different because the directions of the assumed 
mesh currents are not the same as those of the branch currents. 

The solution will give the same answers for either method, but you must be con- 
sistent in algebraic signs. Use either the rules for meshes with mesh currents or the 
rules for loops with branch currents, but do not mix the two methods. 

To eliminate /, and solve for /,, divide the first equation by 2 and the second 
equation by 3. Then 


91, — 31, = 42 
—21, + 31, = -7 
Add the equations, term by term, to eliminate 7}. Then 
TI, = 35 
IL=5A 
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To calculate J,, substitute 5 for Z, in the second equation: 


~2(5) + 3, = -7 
31, =-7+10=3 
In=1A 


The positive solutions mean that the electron flow for both Z, and J, is actually 
clockwise, as assumed. 


Finding the Branch Currents and Voltage Drops 


Referring to Fig. 9-8, the 5-A /, is the only current through R,. Therefore, Z, and J, 
are the same. Then V, across the 12-Q R, is 5 x 12, or 60 V. The polarity of Ve is 
marked negative at the left, with the electron flow into this side. 

Similarly, the 1-A Z, is the only current through R,. The direction of this electron 
flow through R, is from left to right. Note that this value of 1 A for J, clockwise is 
the same as —1 A for /,, assumed in the opposite direction in Fig. 9-3. Then V, 
across the 3-Q R, is 1 x 3 or 3 V, with the left side negative. 

The current J, through R,, common to both meshes, consists of J, and J,. Then /, 
is 5 — 1 or 4 A. The currents are subtracted because 7, and /, are in opposing direc- 
tions through R,. When all the mesh currents are taken one way, they will always be 
in opposite directions through any resistance common to two meshes. 

The direction of the net 4-A J, through R, is downward, the same as /,, because 
it is more than /,. Then, Vp, across the 6-Q R, is 4 x 6 = 24 V, with the top 
negative. 


The Set of Mesh Equations 


The system for algebraic signs of the voltages in mesh equations is different from 
the method used with branch currents, but the end result is the same. The advantage 
of mesh currents is the pattern of algebraic signs for the voltages, without the need 
for tracing any branch currents. This feature is especially helpful in a more elaborate 
circuit, such as that in Fig. 9-9, that has three meshes. We can use Fig. 9-9 for more 
practice in writing mesh equations, without doing the numerical work of solving a 
set of three equations. Each R is 2 Q. 

In Fig. 9-9, the mesh currents are shown with solid arrows to indicate conven- 
tional current, which is a common way of analyzing these circuits. Also, the voltage 
sources V, and V, have the positive terminal at the top in the diagram. When the 
direction of conventional current is used, it is important to note that the voltage 
source is a positive value with mesh current into the negative terminal. This method 
corresponds to the normal flow of positive charges with conventional current. 

For the three mesh equations in Fig. 9-9, 


In mesh A: 61, — 21, +0 = 12 
In mesh B: —21, + 81, — 21. =0 
In mesh C: 0- 2h + 6h = -8 


Figure 9-9 A circuit with three meshes. Each Ris 2 Q. See text for mesh 
equations. 


R, R4 R7 
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The zero term in equations A and C represents a missing mesh current. Only 
mesh B has all three mesh currents. However, note that mesh B has a zero term for 
the voltage source because it is the only mesh with only ZR drops. 

In summary, the only positive IR voltage in a mesh is for the R, of each mesh 
current in its own mesh. All other voltage drops for any adjacent mesh current 
across a common resistance are always negative. This procedure for assigning alge- 
braic signs to the voltage drops is the same whether the source voltage in the mesh 
is positive or negative. It also applies even if there is no voltage source in the mesh. 


E 9-5 Self-Review 


Answers at the end of the chapter. 

a. A network with four mesh currents needs four mesh equations for a 
solution. (True/False) 

b. An R common to two meshes has opposing mesh currents. 
(True/False) 
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Summary 


Kirchhoff’s voltage law states that 
the algebraic sum of all voltages 
around any closed path must equal 
zero. Stated another way, the sum 
of the voltage drops equals the 
applied voltage. 


Kirchhoff’s current law states that 
the algebraic sum of all currents 
directed in and out of any pointina 
circuit must equal zero. Stated 


Important Terms 


Kirchhoff’s current law (KCL) — 
Kirchhoff’s current law states that the 
algebraic sum of the currents 
entering and leaving any point ina 
circuit must equal zero. 


Kirchhoff’s voltage law (KVL) — 
Kirchhoff’s voltage law states that the 
algebraic sum of the voltages around 
any closed path must equal zero. 


Self-Test 


Answers at the back of the book. 


1. Kirchhoff’s current law states that 


a. the algebraic sum of the currents 
flowing into any point in a circuit 
must equal zero. 
b. the algebraic sum of the currents 


ntering and leaving any point ina 
circuit must equal zero. 


oO 


c. the algebraic sum of the currents 
flowing away from any point in a 
circuit must equal zero. 


d. the algebraic sum of the currents 
around any closed path must 
equal zero. 


2. When applying Kirchhoff’s current 
law, 


a. consider all currents flowing into a 
branch point positive and all the 
currents directed away from that 
point negative. 


b. consider all currents flowing into a 
branch point negative and all the 
currents directed away from that 
point positive. 


c. remember that the total of all the 
currents entering a branch point 
must always be greater than the 
sum of the currents leaving that 
point. 


Kirchhoff ’s Laws 


another way, the current into a point 


equals the current out of that point. 


A closed path is a loop. The method 
of using algebraic equations for the 
voltages around the loops to 
calculate the branch currents is 
illustrated in Fig. 9-5. 


A principal node is a branch point 
where currents divide or combine. 
The method of using algebraic 


Loop — another name for a closed path 
in a circuit. 


Loop equation — an equation that 
specifies the voltages around a loop. 


esh — the simplest possible closed 
path within a circuit. 


esh current — a current that is 
assumed to flow around a mesh 
without dividing. 


d. the algebraic sum of the currents 
entering and leaving a branch 
point does not necessarily have to 
be zero. 


. Ifa 10-A J, and a 3-A I, flow into 
point X, how much current must flow 


away from point X? 
a. 7A. 

b. 30A. 

c. 13A. 


d. It cannot be determined. 


4. Three currents h4, h, and l flow into 


point X, whereas current /, flows 
away from point X. If |, = 2.5 A, 

l, = 6A, and |, = 18 A, how much is 
current /,? 


a. 21.5A. 
b.14.5A. 
c. 26.5 A. 
d. 9.5 A. 


. When applying Kirchhoff’s voltage 


law, a closed path is commonly 
referred to asa 


a. node. 
b. principal node. 
c. loop. 


d. branch point. 


equations for the currents at a node 
to calculate the node voltage is 
illustrated in Fig. 9-7. 


A mesh is the simplest possible loop. 
A mesh current is assumed to flow 
around the mesh without branching. 
The method of using algebraic 
equations for the voltages around 
the meshes to calculate the mesh 
currents is illustrated in Fig. 9-8. 


Node — a common connection for two 


or more components in a circuit 
where currents can combine or 


divide. 


Principal node — a common connection 


for three or more components in a 
circuit where currents can combine or 


divide. 


6. Kirchhoff’s voltage law states 


7. 


that 


a. the algebraic sum of the voltage 


sources and /R voltage drops 
in any closed path must total 
zero. 


b. the algebraic sum of the voltage 


sources and /R voltage drops 
around any closed path can never 
equal zero. 


c. the algebraic sum of all the 


currents flowing around any 
closed loop must equal zero. 


d. none of the above. 


When applying Kirchhoff’s voltage 
law, 


a. consider any voltage whose 


positive terminal is reached first 
as negative and any voltage whose 
negative terminal is reached first 
as positive. 


b. always consider all voltage sources 


as positive and all resistor voltage 
drops as negative. 


c. consider any voltage whose 


negative terminal is reached first as 
negative and any voltage whose 
positive terminal is reached first as 
positive. 
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10. 


d. always consider all resistor 
voltage drops as positive and all 
voltage sources as negative. 


. The algebraic sum of +40 V and 


—30Vis 
a. —10V. 
b. +10 V. 
.+70V. 
d. —70 V. 


oO 


. A principal node is 


a. a closed path or loop where the 
algebraic sum of the voltages must 
equal zero. 


b. the simplest possible closed path 
around a circuit. 


c. a junction where branch currents 
can combine or divide. 


d. none of the above. 


How many equations are necessary 
to solve a circuit with two principal 
nodes? 


aos 
be 2: 


Essay Questions 


11 


12. 


13. 


c. 4. 
dii 


. The difference between a mesh 


current and a branch current is 


a. a mesh currentis an assumed 
current and a branch current is an 
actual current. 


b. the direction of the currents 
themselves. 


c. a mesh current does not divide at 
a branch point. 


d. both a and c. 


Using the method of mesh currents, 
any resistance common to two 
meshes has 


a. two opposing mesh currents. 
b. one common mesh current. 
c. zero current. 


d. none of the above. 


The fact that the sum of the resistor 
voltage drops equals the applied 
voltage in a series circuit is the basis for 


a. Kirchhoff’s current law. 


b. node-voltage analysis. 


c. Kirchhoff’s voltage law. 


d. the method of mesh currents. 


14. The fact that the sum of the 


individual branch currents equals the 
total current in a parallel circuit is the 
basis for 


a. Kirchhoff’s current law. 


b. node-voltage analysis. 


c. Kirchhoff’s voltage law. 


d. the method of mesh currents. 


. If you do not go completely around 


the loop when applying Kirchhoff’s 
voltage law, then 


a. the algebraic sum of the voltages 
will always be positive. 


b. the algebraic sum is the volt 
between the start and finish 
points. 


c. the algebraic sum of the voltages 
will always be negative. 


d. the algebraic sum of the voltages 
cannot be determined. 


1. State Kirchhoff’s current law in two ways. 

2. State Kirchhoff’s voltage law in two ways. 

3. What is the difference between a loop and a mesh? 

4. What is the difference between a branch current and a 


mesh current? 


5. Define principal node. 


Problems 


SECTION 9-1 KIRCHHOFF’S CURRENT LAW 


9-1 If a5-A/, and a 10-A/, flow into point X, how much is 
the current, h, directed away from that point? 


9-2 Applying Kirchhoff’s current law, write an equation for the 
currents directed into and out of point X in Prob. 9-1. 


9-3 In 


Fig. 9-10, solve for the unknown current, h. 


9-4 In Fig. 9-11, solve for the following unknown currents: 
lz, l;, and Ig. 


9-5 Apply Kirchhoff’s current law in Fig. 9-11 by writing an 
equation for the currents directed into and out of the 
following points: 


a. Point X 
b. Point Y 
c. Point Z 
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6. Define node voltage. 


7. Use the values in Fig. 9—6 to show that the algebraic 
sum is zero for all voltages around the outside loop 
ACEFDBA. 


8. Use the values in Fig. 9—6 to show that the algebraic 
sum is zero for all the currents into and out of node C 
and node D. 


Figure 9-10 


=2mA 
1,=9mA 


I; = 20 mA 


I,=3mA 
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Figure 9-11 


h=6A 


b=NA 


SECTION 9-2 KIRCHOFF’S VOLTAGE LAW Figure 9-13 
9-6 In Fig. 9-12, 
a. Write a KVL equation for the loop CEFDC going 
clockwise from point C. 


b. Write a KVL equation for the loop ACDBA going 
clockwise from point A. 


c. Write a KVL equation for the loop ACEFDBA going 
clockwise from point A. 


R,=1kQ A 


R,=1.5 KQ 


Figure 9-12 


R =1KQ 


Figure 9-14 


R,=100 9 


R, =1002 


9-7 In Fig. 9-12, 
a. Determine the voltage for the partial loop CEFD 


going clockwise from point C. How does your answer 
compare to the voltage drop across R;? 


b. Determine the voltage for the partial loop ACDB 


going clockwise from point A. How does your answer R,=100Q p 
compare to the value of the applied voltage, V+, 
across points A and B? Figure 9-15 


c. Determine the voltage for the partial loop ACEFDB 
going clockwise from point A. How does your answer R =12 kQ A 
compare to the value of the applied voltage, V+, 
across points A and B? 


d. Determine the voltage for the partial loop CDFE 
going counterclockwise from point C. How does your 
answer compare to the voltage drop across R,? 


9-8 In Fig. 9-13, solve for the voltages V,, and Vgs. Indicate R, = 68 kQ 


the proper polarity for each voltage. 


9-9 In Fig. 9-14, solve for the voltages Vag and Vgc. Indicate 
the proper polarity for each voltage. 


9-10 In Fig. 9-15, solve for the voltages Va, and Vgc- Indicate 
the proper polarity for each voltage. R = 20 kQ 
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9-11 In Fig. 9-16, solve for the voltages Vig, Vag, Vcc» Voc, and 
Vip. Indicate the proper polarity for each voltage. 


Figure 9-16 


R =1kQ 


R,=1.2 kQ 


R,=18kQ 


9-12 In Fig. 9-17, solve for the voltages Vag, Vag, and Veg. 
Indicate the proper polarity for each voltage. 


Figure 9-17 


R, = 1009 A 


R, =150Q 


R,=509 


R, = 200 Q 


9-13 In Fig. 9-18, write a KVL equation for the loop ABDCA 
going counterclockwise from point A. 


9-14 In Fig. 9-18, write a KVL equation for the loop EFDCE 
going clockwise from point E. 


9-15 In Fig. 9-18, write a KVL equation for the loop 
ACEFDBA going clockwise from point A. 


Figure 9-18 
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SECTION 9-3 METHOD OF BRANCH CURRENTS 


9-16 Using the method of branch currents, solve for the 
unknown values of voltage and current in Fig. 9-19. 
To do this, complete steps a through m. The assumed 
direction of all currents is shown in the figure. 


Figure 9-19 


a. Using Kirchhoff’s current law, write an equation for 
the currents 4, h, and h at point C. 


b. Specify the current /, in terms of /,; and h. 


c. Write a KVL equation for the loop ABDCA, going 
counterclockwise from point A, using the terms V,, 
and V, . This loop will be called Loop 1. 


d. Write a KVL equation for the loop FECDF, going 
counterclockwise from point F, using the terms V», 
a? and Vg, This loop will be called Loop 2. 

e. Specify each resistor voltage drop as an /R product 
using actual resistor values for R,, Rj, and R}. 


f. Rewrite the KVL equation for Loop 1 in step c using 
the /R voltage values for V, and V, specified in 
stepe. f 
g. Rewrite the KVL equation for Loop 2 in step d using 
the /R voltage values for V, and V, specified in 
step e. g i 


R. 


h. Reduce the Loop 1 and Loop 2 equations in steps f 
and g to their simplest possible form. 


i. Solve for currents /, and /, using any of the methods 
for the solution of simultaneous equations. Next, 
solve for l3. 


j. In Fig. 9-19, were the assumed directions of all 
currents correct? How do you know? 


k. Using the actual values of /,, h, and h, calculate the 
individual resistor voltage drops. 


|. Rewrite the KVL loop equations for both Loops 1 and 
2 using actual voltage values. Go counterclockwise 
around both loops when adding voltages. (Be sure 
that the resistor voltage drops all have the correct 
polarity based on the actual directions for h, h, 


and /,.) 


m. Based on the actual directions for /,, h, and h, write a 
CL equation for the currents at point C. 


9-17 Repeat Prob. 9-16 for Fig. 9—20. 
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Figure 9-20 


SECTION 9-4 NODE-VOLTAGE ANALYSIS 
9-18 Using the method of node-voltage analysis, solve for all 


unknown values of voltage and current in Fig. 9-21. To 
do this, complete steps a through |. The assumed 
direction of all currents is shown in the figure. 


Figure 9-21 


jk 
k. 


. Using Kirchhoff’s current law, write an equation for the 


currents 4, l», and /, at the node-point, N. 


. Express the KCL equation in step a in terms of Vg /R and 


WAR. 


. Write a KVL equation for the loop containing V}, V, , and 


RI 


. Write a KVL equation for the loop containing V>, V, , and 


RI 


. Specify V, and V, in terms of Vy and the known values 


R 


of V, and V. 


Using the values for V, and V, from step e, write a KCL 


equation for the currents at the node-point N. 


. Solve for the node voltage, Vy. 


. Using the equations from step e, solve for the voltage 


drops V, and V,- 
n Fig. 9—21 , were all the assumed directions of current 


correct? How do you know? 


R 


Calculate the currents /,, h, and h. 


Rewrite the KVL loop equation for both inner loops 
using actual voltage values. (Be sure that the resistor 
voltage drops all have the correct polarity based on the 
final answers for Ve. and Ved 


Based on the actual values for /,,/,, and /,, write a KCL 
equation for the currents at the node-point, N. 
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9-19 Repeat Prob. 9-18 for the circuit in Fig. 9—22. 


Figure 9-22 


R,=102 N R,=102 


SECTION 9-5 METHOD OF MESH CURRENTS 

9-20 Using the method of mesh currents, solve for all 
unknown values of voltage and current in Fig. 9-23. To 
do this, complete steps a through m. 


Figure 9-23 


. Identify the components through which the mesh 
current, /,, flows. 


. Identify the components through which the mesh 


current, lg, flows. 


. Which component has opposing mesh currents? 
d. Write the mesh equation for mesh A. 
. Write the mesh equation for mesh B. 


f. Solve for currents /, and /, using any of the methods 


for the solution of simultaneous equations. 


. Determine the values of currents h, h, and h. 


h. Are the assumed directions of the mesh A and mesh 


B currents correct? How do you know? 


i. What is the direction of the current, /;, through R? 


Solve for the voltage drops V, , V, and V, . 


. Using the final solutions for VisVos and V,, write a 


VL equation for the loop ACDBA going clockwise 
from point A. 
Using the final solutions for V,,V,,and V,, 


write a KVL equation for the loop EFDCE going 
clockwise from point E. 


. Using the final solutions (and directions) for 4, h, and 


/,, write a KCL equation for the currents at point C. 
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9-21 Repeat Prob. 9—20 for Fig. 9-24. 


Figure 9-24 


Critical Thinking 


9-22 In Fig. 9-25, determine the values for R, and R, which 9-23 Refer to Fig. 9-9. If all resistances are 10 Q, calculate 
will allow the output voltage to vary between —5 V (a) Ins fg, and Ie; (b) I, Ia, Is, Ia Is, Ie, 1p, and Is. 
and +5 V. 


Figure 9-25 Circuit diagram for Critical Thinking Prob. 9-22. 


Answers to Self-Reviews 9-1 


a. 6A 9-4 a. two 

b. 4A b. two 
9-2 a. —120V 9-5 a. true 

b. OV b. true 
9-3 a. —24V 

b. OV 


Laboratory Application Assignment 


In this lab application assignment, you will examine Kirchhoff’s Equipment: Obtain the following items from your 
voltage and current laws (KVL and KCL). You will actually apply instructor. 

both KVL and KCLin a simple series-parallel circuit. You will + Dual-output variable DC power supply 

also apply KVL when solving for the voltages in a circuit e Assortment of carbon-film resistors 

containing series-aiding voltage sources. > DMM 
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Applying KCL and KVL aS V5= 6 

Examine the circuit in Fig. 9—26. Calculate and record the m= a= lass 

following circuit values: In Fig. 9—26, indicate the direction of all currents and the 
VY, = „V= Vy= 5 polarities of all resistor voltage drops. 

Figure 9-26 


R,=1009 


R, = 1502 


Construct the circuit in Fig. 9-26. Measure and record the 
following circuit values: 


V= S V3= > 
V= V= i 


h= = slays 


Write the measured values of voltage and current next to their 
respective resistors in Fig. 9-26. 


Using measured values, write a KCL equation for the currents 
entering and leaving point C. Do 
the same for the currents entering and leaving point D. 

Do these circuit values satisfy 


(EL? 


Using measured values, write a KVL equation for the voltages 
in the loop ACDBA. Go clockwise around the loop beginning at 
pointA. 


Do these values satisfy KVL? 


Using measured values, write a KVL equation for the voltages 
in the loop CEFDC. Go clockwise around the loop beginning at 
point C. Do these values satisfy 
VLe 


Beginning at point C and going clockwise, add the measured 
voltages in the partial loop CEFD. 


s this value equal to the voltage across R3? 


Finally, using measured values, write a KVL equation for the 
voltages in the outside loop ACEFDBA. Go clockwise around 
the loop beginning at point A. Do 
these values satisfy KVL? 


Examine the circuit in Fig. 9-27. Calculate and record the 
individual resistor voltage drops V,, V,,and V,. 


Design credit Multisim: ©Stockbyte/Getty Images 


Kirchhoff ’s Laws 


R; 


Indicate t 
resistor v 
voltages 


Vs = 


Construc 
however, 


the power supplies are wired correctly. 


Measure 
Vag = 


=100 Q 


R = 150 2 


he direction of current and the polarity of each 
oltage drop. Next, apply KVL and solve for the 
ao and Vgc. Record your answers. 


Veg = 


t the circuit in Fig. 9-27. Before turning on the power, 
have your instructor check the circuit to make sure 


and record the voltages Vys and Vag. Vag = ; 


Do the measured voltages match your calculated values? 


Figure 9-27 


R,=1kQ 


R,=1kQ 


R,=1kQ 
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10 


Network 
Theorems 


A is a combination of components, such as resistances and voltage 
sources, interconnected to achieve a particular end result. However, networks 
generally need more than the rules of series and parallel circuits for analysis. 
Kirchhoffs laws can always be applied for any circuit connections. The network 
theorems, though, usually provide shorter methods for solving a circuit. 


Some theorems enable us to convert a network into a simpler circuit, equivalent to 
the original. Then the equivalent circuit can be solved by the rules of series and 
parallel circuits. Other theorems enable us to convert a given circuit into a form that 
permits easier solutions. 


Only the applications are given here, although all network theorems can be derived 
from Kirchhoffs laws. Note that resistance networks with batteries are shown as 
examples, but the theorems can also be applied to AC networks. E 


© Chapter Outline 


10-1 Superposition Theorem 10-6 Thevenin-Norton Conversions 
10-2 Thevenin’s Theorem 10-7 Conversion of Voltage and Current 
10-3 Thevenizing a Circuit with Two Voltage Souroes 

Sources 10-8 Millman’s Theorem 
10-4 Thevenizing a Bridge Circuit 10-9 TorY andr or A Connections 


10-5 Norton’s Theorem 


After studying this chapter, you should be able to 


m Apply the superposition theorem to find the = 
voltage across two points in a circuit 
containing more than one voltage source. 


Convert a Thevenin equivalent circuit to a 
Norton equivalent circuit and vice versa. 


Æ Apply Millman’s theorem to find the common 
voltage across any number of parallel 
branches. 


Æ State the requirements for applying the 
superposition theorem. 

m Determine the Thevenin and Norton o 
equivalent circuits with respect to any pair 
of terminals in a complex network. 


Simplify the analysis of a bridge circuit by 
using delta to wye conversion formulas. 


m Apply Thevenin’s and Norton’s theorems in 
solving for an unknown voltage or current. 


active components linear component passive components Thevenin’s theorem 
bilateral components Millman’s theorem superposition voltage source 
current source Norton’s theorem theorem 
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10-1 Superposition Theorem 


The superposition theorem is very useful because it extends the use of Ohm’s law 
to circuits that have more than one source. In brief, we can calculate the effect of one 
source at a time and then superimpose the results of all sources. As a definition, the 
superposition theorem states: In a network with two or more sources, the current or 
voltage for any component is the algebraic sum of the effects produced by each 
source acting separately. 

To use one source at a time, all other sources are “killed” temporarily. This means 
disabling the source so that it cannot generate voltage or current without changing the 
resistance of the circuit. A voltage source such as a battery is killed by assuming a 
short circuit across its potential difference. The internal resistance remains. 


Voltage Divider with Two Sources 


The problem in Fig. 10-1 is to find the voltage at P to chassis ground for the circuit 
in Fig. 10-1a. The method is to calculate the voltage at P contributed by each source 
separately, as in Fig. 10-1b and c, and then superimpose these voltages. 

To find the effect of V, first, short-circuit V, as shown in Fig. 10-1. Note that the 
bottom of R, then becomes connected to chassis ground because of the short circuit 
across V,. As a result, R, and R, form a series voltage divider for the V, source. 

Furthermore, the voltage across R, becomes the same as the voltage from P to 
ground. To find this Vp, across R, as the contribution of the V, source, we use the 
voltage divider formula: 


R 
o 0K 

Ya = R +R, n KN + 30K AY 
-60 
= 0 x 24V 

Vp, = 16 V 


Next find the effect of V, alone, with V, short-circuited, as shown in Fig. 10-Ic. 
Then point A at the top of R, becomes grounded. R, and R, form a series voltage 
divider again, but here the R, voltage is the voltage at P to ground. 

With one side of R, grounded and the other side to point P, V, is the voltage to 
calculate. Again we have a series divider, but this time for the negative voltage V,. 


Figure 10-1 
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V,=+24V 


Superposition theorem applied to a voltage divider with two sources V, and V,. (a) Actual circuit with +13 V from 
point P to chassis ground. (b) V, alone producing +16 V at P. (c) V, alone producing -3 V at P. 


V,=+24V 
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GOOD TO KNOW 


When applying the superposition 
theorem to a DC network, it is 
important to realize that the 
power dissipated by a resistor in 
the network is not equal to the 
sum of the power dissipation 
values produced by each source 
acting separately. The reason is 
that power is not linearly related 
to either voltage or current. 
Recall that P= a ‘ancy P = PR 


Network Theorems 


Using the voltage divider formula for V, as the contribution of V, to the voltage at P, 


R, 30 KQ 
"RoR Gpo 
— 30, _ 
= 90 * 9V 
V, =-3V 


This voltage is negative at P because V, is negative. 
Finally, the total voltage at P is 


V, =V, +V, =16-3 
V,=13V 


This algebraic sum is positive for the net V, because the positive V, is larger than 
the negative V}. 

By superposition, therefore, this problem was reduced to two series voltage divid- 
ers. The same procedure can be used with more than two sources. Also, each voltage 
divider can have any number of series resistances. Note that in this case we were deal- 
ing with ideal voltage sources, that is, sources with zero internal resistance. If the 
source did have internal resistance, it would have been added in series with R, and R}. 


Requirements for Superposition 


All components must be linear and bilateral to superimpose currents and voltages. 
Linear means that the current is proportional to the applied voltage. Then the cur- 
rents calculated for different source voltages can be superimposed. 

Bilateral means that the current is the same amount for opposite polarities of the 
source voltage. Then the values for opposite directions of current can be combined 
algebraically. Networks with resistors, capacitors, and air-core inductors are gener- 
ally linear and bilateral. These are also passive components, that is, components 
that do not amplify or rectify. Active components—such as transistors, semiconduc- 
tor diodes, and electron tubes—are never bilateral and often are not linear. 

Note: The superposition theorem can also be applied when solving for the indi- 
vidual voltage and current values in a complex electrical circuit. For expanded 
coverage of the superposition theorem, refer to Chapter 10 in the Problems Manual 
for Grob’s Basic Electronics, 13e. 


E 70-1 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 10-1, which R is shown grounded at one end? 
b. In Fig. 10-1c, which R is shown grounded at one end? 


10-2 Thevenin’s Theorem 


Named after M. L. Thevenin, a French engineer, Thevenin’s theorem is very useful 
in simplifying the process of solving for the unknown values of voltage and current in 
a network. By Thevenin’s theorem, many sources and components, no matter how 
they are interconnected, can be represented by an equivalent series circuit with respect 
to any pair of terminals in the network. In Fig. 10-2, imagine that the block at the left 
contains a network connected to terminals A and B. Thevenin’s theorem states that the 
entire network connected to A and B can be replaced by a single voltage source Vy in 
series with a single resistance R,,,, connected to the same two terminals. 

Voltage V,,, is the open-circuit voltage across terminals A and B. This means 
finding the voltage that the network produces across the two terminals with an open 
circuit between A and B. The polarity of V,,, is such that it will produce current from 
A to B in the same direction as in the original network. 
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GOOD TO KNOW 


Of all the different theorems 
covered in this chapter, 
Thevenin’s theorem is by far the 


most widely used. 


Figure 10-2 Any network in the block at the left can be reduced to the Thevenin 
equivalent series circuit at the right. 


Rr 


Network L> | Vow 
B 


Resistance R,,, is the open-circuit resistance across terminals A and B, but with 
all the sources killed. This means finding the resistance looking back into the 
network from terminals A and B. Although the terminals are open, an ohmmeter 
across AB would read the value of R,,, as the resistance of the remaining paths in the 
network without any sources operating. 


> 


Thevenizing a Circuit 


As an example, refer to Fig. 10—3a, where we want to find the voltage V, across the 
2-Q R, and its current J,. To use Thevenin’s theorem, mentally disconnect R,. The 
two open ends then become terminals A and B. Now we find the Thevenin equiva- 
lent of the remainder of the circuit that is still connected to A and B. In general, open 
the part of the circuit to be analyzed and “‘thevenize” the remainder of the circuit 
connected to the two open terminals. 

Our only problem now is to find the value of the open-circuit voltage V,,; across 
AB and the equivalent resistance R,,,,. The Thevenin equivalent always consists of a 
single voltage source in series with a single resistance, as shown in Fig. 10—3d. 

The effect of opening R, is shown in Fig. 10-3b. As a result, the 3-Q R, and 6-Q 
R, form a series voltage divider without R,. 

Furthermore, the voltage across R, now is the same as the open-circuit voltage 
across terminals A and B. Therefore V, with R, open is V,,. This is the Vy we need 
for the Thevenin equivalent circuit. Using the voltage divider formula, 

V_,= 8% 36 V =24V 
Ve = Vig = Vm = 24 V 


Figure 10-3 Application of Thevenin’s theorem. (a) Actual circuit with terminals A and B across R,. (b) Disconnect R, to find 
that Vy, is 24 V. (c) Short-circuit V to find that Ry, is 2 Q. (d) Thevenin equivalent circuit. (e) Reconnect R, at terminals A and B to find that V, 


is 12V. 
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GOOD TO KNOW 


The Thevenin equivalent circuit 
driving terminals A and B does 
not change even though the value 


of R, may change. 


This voltage is positive at terminal A. 

To find Ryp the 2-Q R, is still disconnected. However, now the source V is short- 
circuited. So the circuit looks like Fig. 10—3c. The 3-Q R, is now in parallel with the 
6-Q R, because both are connected across the same two points. This combined 
resistance is the product over the sum of R, and R,. 

Ry =e = 20 
Again, we assume an ideal voltage source whose internal resistance is zero. 

As shown in Fig. 10—3d, the Thevenin circuit to the left of terminals A and B 
then consists of the equivalent voltage Vyp, equal to 24 V, in series with the equiva- 
lent series resistance R,,,, equal to 2 Q. This Thevenin equivalent applies for any 
value of R, because R, was disconnected. We are actually thevenizing the circuit 
that feeds the open AB terminals. 

To find V, and Z, we can finally reconnect R, to terminals A and B of the Thevenin 
equivalent circuit, as shown in Fig. 10-3e. Then R, is in series with R,,, and V,,,. Using 
the voltage divider formula for the 2-Q Ry and 2-Q.R,, V, = 1/2 x 24 V = 12 V. To 
find J, as V,/R,, the value is 12 V/2 Q, which equals 6 A. 

These answers of 6 A for J, and 12 V for V, apply to R, in both the original circuit 
in Fig. 10-3a and the equivalent circuit in Fig. 10—3e. Note that the 6-A Z, also flows 
through Ry- 

The same answers could be obtained by solving the series-parallel circuit in Fig. 
10-3a, using Ohm’s law. However, the advantage of thevenizing the circuit is that 
the effect of different values of R, can be calculated easily. Suppose that R, is 
changed to 4 Q. In the Thevenin circuit, the new value of V, would be 4/6 x 24 V = 
16 V. The new J, would be 16 V/4 Q, which equals 4 A. If we used Ohm’s law in 
the original circuit, a complete, new solution would be required each time R, was 
changed. 


Looking Back from Terminals A and B 


The way we look at the resistance of a series-parallel circuit depends on where the 
source is connected. In general, we calculate the total resistance from the outside 
terminals of the circuit in toward the source as the reference. 

When the source is short-circuited for thevenizing a circuit, terminals A and B 
become the reference. Looking back from A and B to calculate R,,,, the situation 
becomes reversed from the way the circuit was viewed to determine V,,,. 

For R,,,, imagine that a source could be connected across AB, and calculate the 
total resistance working from the outside in toward terminals A and B. Actually, an 
ohmmeter placed across terminals A and B would read this resistance. 

This idea of reversing the reference is illustrated in Fig. 10-4. The circuit in 
Fig. 10-4a has terminals A and B open, ready to be thevenized. This circuit is simi- 
lar to that in Fig. 10-3 but with the 4-Q R, inserted between R, and terminal A. The 
interesting point is that R, does not change the value of V,, produced by the source V, 


Figure 10-4 = Thevenizing the circuit of Fig. 10-3 but with a 4-Q R, in series with the A terminal. (a) Vag is still 24 V. (b) Now the Rag is 


2+4=6Q. (© Thevenin equivalent circuit. 


V=36V = 


(a) 
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(b) (c) 
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but R, does increase the value of R,,,. When we look back from terminals A and B, 
the 4 Q of R, is in series with 2 Q to make R,,, 6 Q, as shown for R,, in Fig. 10—4b 
and R,,, in Fig. 104c. 

Let us consider why V,, is the same 24 V with or without R,. Since R, is con- 
nected to the open terminal A, the source V cannot produce current in R,. Therefore, 
R, has no JR drop. A voltmeter would read the same 24 V across R, and from A to 
B. Since V,, equals 24 V, this is the value of V,,. 

Now consider why R, does change the value of Ry. Remember that we must 
work from the outside in to calculate the total resistance. Then, A and B are like 
source terminals. As a result, the 3-Q R, and 6-Q R, are in parallel, for a combined 
resistance of 2 Q. Furthermore, this 2 Q is in series with the 4-Q R, because R, is 
in the main line from terminals A and B. Then R,,, is 2 + 4 = 6 Q. As shown in 
Fig. 10—4c, the Thevenin equivalent circuit consists of V,,, = 24 V and R,, = 6 Q. 


E 70-2 Self-Review 


Answers at the end of the chapter. 

a. For a Thevenin equivalent circuit, terminals A and B are open to find 
both V,,, and Ry. (True/False) 

b. For a Thevenin equivalent circuit, the source voltage is short- 
circuited only to find R,,,. (True/False) 


10-3 Thevenizing a Circuit with Two 


Voltage Sources 


The circuit in Fig. 10-5 has already been solved by Kirchhoff’s laws, but we can use 
Thevenin’s theorem to find the current Z, through the middle resistance R,. As 
shown in Fig. 10—5a, first mark the terminals A and B across R;. In Fig. 10-5), R, 
is disconnected. To calculate V,,,, find V,, across the open terminals. 


Figure 10-5 Thevenizing a circuit with two voltage sources V, and V}. (a) Original circuit 
with terminals A and B across the middle resistor R;. (b) Disconnect R, to find that Vag 

is -33.6 V. © Short-circuit V, and V, to find that Rag is 2.4 Q. (d) Thevenin equivalent with 
R, reconnected to terminals A and B. 


R,=129 R,=30 R,=120 R,=32 
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GOOD TO KNOW 


The polarity of V4, is extremely 
critical because it allows us to 
determine the actual direction of 


/, through R3. 
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Superposition Method 


With two sources, we can use superposition to calculate V,,. First short-circuit V}. 
Then the 84 V of V, is divided between R, and R,. The voltage across R, is between 
terminals A and B. To calculate this divided voltage across R,, 


_ R _3 
Va = R X V= 15 x (—84) 


V, =—16.8 V 


This is the only contribution of V, to V,,. The polarity is negative at terminal A. 

To find the voltage that V, produces between A and B, short-circuit V,. Then the 
voltage across R, is connected from A to B. To calculate this divided voltage 
across R,, 


R 12 
V == x V, =+ x (-21) 
iT Roa 2T 
V, =—16.8 V 


Both V, and V, produce —16.8 V across the AB terminals with the same polarity. 
Therefore, they are added. 

The resultant value of V,, = —33.6 V, shown in Fig. 10-5b, is the value of Vy- 
The negative polarity means that terminal A is negative with respect to B. 

To calculate R,,,, short-circuit the sources V, and V,, as shown in Fig. 10-5c. 
Then the 12-Q R, and 3-Q R, are in parallel across terminals A and B. Their com- 
bined resistance is 36/15, or 2.4 Q, which is the value of Ry. 

The final result is the Thevenin equivalent in Fig. 10-5d with an R,,, of 2.4 Q and 
a Vy, of 33.6 V, negative toward terminal A. 

To find the current through R,, it is reconnected as a load resistance across termi- 
nals A and B. Then V,,, produces current through the total resistance of 2.4 Q for 
R,, and 6 Q for R,: 


_ Vm _ 336 33.6 
‘Rt ae 84 


This answer of 4 A for J, is the same value calculated before, using Kirchhoff’s laws, 
as shown in Fig. 9-5. 

It should be noted that this circuit can be solved by superposition alone, without 
using Thevenin’s theorem, if R, is not disconnected. However, opening terminals A 
and B for the Thevenin equivalent simplifies the superposition, as the circuit then 
has only series voltage dividers without any parallel current paths. In general, a 
circuit can often be simplified by disconnecting a component to open terminals A 
and B for Thevenin’s theorem. 


E 70-3 Self-Review 


Answers at the end of the chapter. 

In the Thevenin equivalent circuit in Fig. 10-5d, 
a. How much is R,? 
b. How much is V, ? 


10-4 Thevenizing a Bridge Circuit 


As another example of Thevenin’s theorem, we can find the current through the 
2-Q R, at the center of the bridge circuit in Fig. 10-6a. When R, is disconnected to 
open terminals A and B, the result is as shown in Fig. 10—6b. Notice how the circuit 
has become simpler because of the open. Instead of the unbalanced bridge in 
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Figure 10-6 = Thevenizing a bridge circuit. (a) Original circuit with terminals A and B across middle resistor R,.(b) Disconnect R, to find 
Vas of —8 V. (C) With source V short-circuited, Rag is 2 + 2.4 = 4.4 Q. (d) Thevenin equivalent with R, reconnected to terminals A and B. 
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Short circuit across V 


(c) 


(a) 


Fig. 10—6a which would require Kirchhoff’s laws for a solution, the Thevenin equiv- 
alent in Fig. 10—6b consists of just two voltage dividers. Both the R,—R, divider and 
the R|—R, divider are across the same 30-V source. 

Since the open terminal A is at the junction of R, and R,, this divider can be used 
to find the potential at point A. Similarly, the potential at terminal B can be found 
from the R,—R, divider. Then V,,, is the difference between the potentials at termi- 
nals A and B. 

Note the voltages for the two dividers. In the divider with the 3-Q R, and 6-Q R,, 
the bottom voltage V, is % x 30 = 20 V. Then V, at the top is 10 V because both 
must add up to equal the 30-V source. The poliis are marked negative at the top, 
the same as the source voltage V. 

Similarly, in the divider with the 6-Q R, and 4-Q R,, the bottom voltage V, is 
%o X 30 = 12 V. Then V, at the top is 18 V becuse the two must add up to equal | the 
30-V source. The polaries are also negative at the top, the same as V. 

Now we can determine the potentials at terminals A and B with respect to a com- 
mon reference to find V,,. Imagine that the positive side of the source V is con- 
nected to a chassis ground. Then we would use the bottom line in the diagram as our 
reference for voltages. Note that V, at the bottom of the k,—R, divider is the same 
as the potential of terminal A with respect to ground. This value is —20 V, with 
terminal A negative. 

Similarly, V, in the R,—R, divider is the potential at B with respect to ground. 
This value is —12 V with terminal B negative. As a result, V,, is the difference 
between the —20 V at A and the —12 V at B, both with respect to the common 
ground reference. 

The potential difference V,, then equals 


Vag = -20 - (-12) =-20+ 12=-8 V 


Terminal A is 8 V more negative than B. Therefore, V;,, is 8 V, with the negative 
side toward terminal A, as shown in the Thevenin equivalent in Fig. 10—6d. 

The potential difference V,, can also be found as the difference between V, and 
Vi in Fig. 10—6b. In this case, Va is 10 V and Ve, is 18 V, both positive with respect 
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Figure 10-7 General forms for a 
voltage source or current source 
connected to a load R, across terminals A 
and B. (a) Voltage source V with series R. 
(b) Current source / with parallel R. 

Cc) Current source / with parallel 
conductance G. 


Source Load 


(a) 


Source Load 
(b) 
A 
Source Load 


(c) 


Network Theorems 


to the top line connected to the negative side of the source V. The potential difference 
between terminals A and B then is 10 — 18, which also equals —8 V. Note that V,, 
must have the same value no matter which path is used to determine the voltage. 

To find R,,,, the 30-V source is short-circuited while terminals A and B are still 
open. Then the circuit looks like Fig. 10—6c. Looking back from terminals A and B, 
the 3-Q R, and 6-Q R, are in parallel, for a combined resistance R, of '% or 2 Q. The 
reason is that R, and R, are joined at terminal A, while their oppasite ends are con- 
nected by the short circuit across the source V. Similarly, the 6-Q R, and 4-Q R, are 
in parallel for a combined resistance R, of %0 = 2.4 Q. Furthermore, the short cir- 
cuit across the source now provides a path that connects R, and R, in series. The 
entire resistance is 2 + 2.4 = 4.4 Q for Ry, or Ryg- P 

The Thevenin equivalent in Fig. 10—6d represents the bridge circuit feeding the 
open terminals A and B with 8 V for Vņy and 4.4 Q for R,,,. Now connect the 2-Q R, 
to terminals A and B to calculate 7, . The current is 


=- “m -8 _8 
L RutR, 44+2 64 
1 =1.25A 


This 1.25 A is the current through the 2-Q R, at the center of the unbalanced bridge 
in Fig. 10-6a. Furthermore, the amount of J, for any value of R, in Fig. 10—6a can 
be calculated from the equivalent circuit in Fig. 10—6d. 


E 710-4 Self-Review 


Answers at the end of the chapter. 


In the Thevenin equivalent circuit in Fig. 10-6d, 
a. How much is R,? 
b. How much is V, ? 


10-5 Norton’s Theorem 


Named after E. L. Norton, an American scientist with Bell Telephone Laboratories, 
Norton’s theorem is used to simplify a network in terms of currents instead of volt- 
ages. In many cases, analyzing the division of currents may be easier than voltage 
analysis. For current analysis, therefore, Norton’s theorem can be used to reduce a 
network to a simple parallel circuit with a current source. The idea of a current 
source is that it supplies a total line current to be divided among parallel branches, 
corresponding to a voltage source applying a total voltage to be divided among series 
components. This comparison is illustrated in Fig. 10-7. 


Example of a Current Source 


A source of electric energy supplying voltage is often shown with a series resistance 
that represents the internal resistance of the source, as in Fig. 10-7a. This method 
corresponds to showing an actual voltage source, such as a battery for DC circuits. 
However, the source may also be represented as a current source with a parallel 
resistance, as in Fig. 10-7b. Just as a voltage source is rated at, say, 10 V, a current 
source may be rated at 2 A. For the purpose of analyzing parallel branches, the con- 
cept of a current source may be more convenient than the concept of a voltage 
source. 

If the current Z in Fig. 10—7b is a 2-A source, it supplies 2 A no matter what is 
connected across the output terminals A and B. Without anything connected across 
terminals A and B, all 2 A flows through the shunt R. When a load resistance R, is 
connected across terminals A and B, then the 2-A J divides according to the current 
division rules for parallel branches. 
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GOOD TO KNOW 


A current source symbol that 
uses a solid arrow indicates the 
direction of conventional current 
flow. A dashed or broken arrow 
indicates the direction of 


electron flow. 
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Figure 10-8 Any network in the block at the left can be reduced to the Norton equivalent 
parallel circuit at the right. 


OA 


Network 


OB 


Remember that parallel currents divide inversely to branch resistances but 
directly with conductances. For this reason it may be preferable to consider the cur- 
rent source shunted by the conductance G, as shown in Fig. 10—7c. We can always 
convert between resistance and conductance because 1/R in ohms is equal to G in 
siemens. 

The symbol for a current source is a circle with an arrow inside, as shown in 
Fig. 10-7b and c, to show the direction of current. This direction must be the same 
as the current produced by the polarity of the corresponding voltage source. Remem- 
ber that a source produces electron flow out from the negative terminal. 

An important difference between voltage and current sources is that a current 
source is killed by making it open, compared with short-circuiting a voltage source. 
Opening a current source kills its ability to supply current without affecting any 
parallel branches. A voltage source is short-circuited to kill its ability to supply volt- 
age without affecting any series components. 


The Norton Equivalent Circuit 


As illustrated in Fig. 10-8, Norton’s theorem states that the entire network con- 
nected to terminals A and B can be replaced by a single current source Zy in parallel 
with a single resistance Ry. The value of Jņ is equal to the short-circuit current 
through the AB terminals. This means finding the current that the network would 
produce through A and B with a short circuit across these two terminals. 

The value of Ry is the resistance looking back from open terminals A and B. 
These terminals are not short-circuited for Ry but are open, as in calculating R,,, for 
Thevenin’s theorem. In fact, the single resistor is the same for both the Norton and 
Thevenin equivalent circuits. In the Norton case, this value of R,, is Ry in parallel 
with the current source; in the Thevenin case, it is R,, in series with the voltage 
source. 


Nortonizing a Circuit 


As an example, let us recalculate the current J, in Fig. 10-9a, which was solved 
before by Thevenin’s theorem. The first step in applying Norton’s theorem is to 
imagine a short circuit across terminals A and B, as shown in Fig. 10-9b. How 
much current is flowing in the short circuit? Note that a short circuit across AB 
short-circuits R, and the parallel R,. Then the only resistance in the circuit is the 3-Q 
R, in series with the 36-V source, as shown in Fig. 10—9c. The short-circuit current, 
therefore, is 


36 V 
h= 307 12 A 
This 12-A J, is the total current available from the current source in the Norton 
equivalent in Fig. 10—9e. 
To find Ry, remove the short circuit across terminals A and B and consider the 
terminals open without R,. Now the source V is considered short-circuited. As shown 
in Fig. 10-9d, the resistance seen looking back from terminals A and B is 6 Q in 


parallel with 3 Q, which equals 2 Q for the value of Ry. 
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Figure 10-9 Same circuit as in Fig. 10-3, but solved by Norton’s theorem. (a) Original circuit. (b) Short circuit across 
terminals A and B. (© The short-circuit current /y is 6/3 = 12 A. (d) Open terminals A and B but short-circuit V to find Ryg is 2 Q, the same 
as Riu. (e) Norton equivalent circuit. F) R| reconnected to terminals A and B to find that /, is 6 A. 
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(a) 


Short 
circuit 


(e) (f) 


The resultant Norton equivalent is shown in Fig. 10-9e. It consists of a 12-A cur- 
rent source Jy shunted by the 2-Q Ry. The arrow on the current source shows the 
direction of electron flow from terminal B to terminal A, as in the original circuit. 

Finally, to calculate [,, replace the 2-Q R, between terminals A and B, as shown 
in Fig. 10-9f. The current source still delivers 12 A, but now that current divides 
between the two branches of Ry and R,. Since these two resistances are equal, the 
12-A I, divides into 6 A for each branch, and J, is equal to 6 A. This value is the same 
current we calculated in Fig. 10-3, by Thevenin’s theorem. Also, V, can be calcu- 
lated as [.R,, or 6 A X 2 Q, which equals 12 V. 


Looking at the Short-Circuit Current 


In some cases, there may be a question of which current is Zy when terminals A and 
B are short-circuited. Imagine that a wire jumper is connected between A and B to 
short-circuit these terminals. Then /, must be the current that flows in this wire 
between terminals A and B. 

Remember that any components directly across these two terminals are also 
short-circuited by the wire jumper. Then these parallel paths have no effect. How- 
ever, any components in series with terminal A or terminal B are in series with the 
wire jumper. Therefore, the short-circuit current Jų also flows through the series 
components. 

An example of a resistor in series with the short circuit across terminals A and B 
is shown in Fig. 10-10. The idea here is that the short-circuit J, is a branch current, 
not the main-line current. Refer to Fig. 10-10a. Here the short circuit connects R, 
across R,. Also, the short-circuit current J, is now the same as the current /, through 
R,. Note that J, is only a branch current. 

To calculate /,, the circuit is solved by Ohm’s law. The parallel combination of R, 
with R, equals 7s or 4 Q. The R, is 4+4 = 8 Q. As a result, the Z, from the source 
is48 V/8Q=6A. 

This J, of 6 A in the main line divides into 4 A for R, and 2 A for R,. The 2-A J, 
for R, flows through short-circuited terminals A and B. Therefore, this current of 
2 A is the value of Jy. 
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Figure 10-10 — Nortonizing a circuit where the short-circuit current /, is a branch current. (a) Iņ is 2 A through short-circuited terminals 
A and B and R3. (b) Ry = Rag = 14.4 Q. (©) Norton equivalent circuit. 


R =49Q R =12Q 


GOOD TO KNOW 


An ideal current source is 
assumed to have an internal 
resistance of infinite ohms. 
Therefore, when calculating the 
Thevenin resistance, Ryy, it is 


only practical to consider a 


current source as an open circuit. 
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To find R, in Fig. 10—-10b, the short circuit is removed from terminals A and B. 
Now the source Vis short-circuited. Looking back from open terminals A and B, the 
4-Q R, is in parallel with the 6-Q R,. This combination is */i0 = 2.4 Q. The 2.4 Q is 
in series with the 12-Q R, to make R,, = 2.4 + 12 = 14.4 Q. 

The final Norton equivalent is shown in Fig. 10-10c. Current Jy is 2 A because 
this branch current in the original circuit is the current that flows through R, and 
short-circuited terminals A and B. Resistance Ry is 14.4 Q looking back from open 
terminals A and B with the source V short-circuited the same way as for Ry. 
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Answers at the end of the chapter. 


a. For a Norton equivalent circuit, terminals A and B are short- 
circuited to find J. (True/False) 

b. For a Norton equivalent circuit, terminals A and B are open to find 
Ry. (True/False) 


10-6 Thevenin-Norton Conversions 


Thevenin’s theorem says that any network can be represented by a voltage source 
and series resistance, and Norton’s theorem says that the same network can be rep- 
resented by a current source and shunt resistance. It must be possible, therefore, to 
convert directly from a Thevenin form to a Norton form and vice versa. Such con- 
versions are often useful. 


Norton from Thevenin 


Consider the Thevenin equivalent circuit in Fig. 10-1 1a. What is its Norton equiva- 
lent? Just apply Norton’s theorem, the same as for any other circuit. The short- 
circuit current through terminals A and B is 


— Vm _15V_ 
y= Ree ag TSA 


Figure 10-11 Thevenin equivalent circuit in (a) corresponds to the Norton equivalent in (b). 


Ry =32 
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The resistance, looking back from open terminals A and B with the source Vry 
short-circuited, is equal to the 3 Q of R,,,. Therefore, the Norton equivalent consists 
of a current source that supplies the short-circuit current of 5 A, shunted by the same 
3-Q resistance that is in series in the Thevenin circuit. The results are shown in 
Fig. 10-11b. 


Thevenin from Norton 


For the opposite conversion, we can start with the Norton circuit of Fig. 10-115 and 
get back to the original Thevenin circuit. To do this, apply Thevenin’s theorem, the 
same as for any other circuit. First, we find the Thevenin resistance by looking back 
from open terminals A and B. An important principle here, though, is that, although 
a voltage source is short-circuited to find R,, a current source is an open circuit. In 
general, a current source is killed by opening the path between its terminals. There- 
fore, we have just the 3-Q Ry, in parallel with the infinite resistance of the open 
current source. The combined resistance then is 3 Q. 

In general, the resistance Ry always has the same value as Ryu. The only differ- 
ence is that Ry is connected in parallel with Zy, but Ry, is in series with V4. 

Now all that is required is to calculate the open-circuit voltage in Fig. 10-11b to 
find the equivalent Vy. Note that with terminals A and B open, all current from the 
current source flows through the 3-Q Ry. Then the open-circuit voltage across the 
terminals A and B is 


[Ry =5AX3Q=15V=Vey 


As aresult, we have the original Thevenin circuit, which consists of the 15-V source 
Vry in series with the 3-Q Ryy. 


Conversion Formulas 
In summary, the following formulas can be used for these conversions: 
Thevenin from Norton: 
Roy = Ry 
Vin = Ly X Ry 
Norton from Thevenin: 
Ry = Roy 
Ty = Vin/ Rou 


Another example of these conversions is shown in Fig. 10-12. 


Figure 10-12 Example of Thevenin-Norton conversions. (a) Original circuit, the same as in Figs. 10—3a and 10—9a. (b) Thevenin 


equivalent. (c) Norton equivalent. 


R,=30 


Network Theorems 
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GOOD TO KNOW 


Many electronic circuits contain 


both voltage and current sources. 
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E 70-6 Self-Review 


Answers at the end of the chapter. 


a. In Thevenin-Norton conversions, resistances Ry and R,,, are equal. 
(True/False) 

b. In Thevenin-Norton conversions, current J, is V4;/Ry,- (True/False) 

c. In Thevenin-Norton conversions, voltage V,,,, is I, X Ry. (True/False) 


10-7 Conversion of Voltage and 
Current Sources 


Norton conversion is a specific example of the general principle that any voltage 
source with its series resistance can be converted to an equivalent current source 
with the same resistance in parallel. In Fig. 10-13, the voltage source in Fig. 10—13a 
is equivalent to the current source in Fig. 10-13). Just divide the source V by its 
series R to calculate the value of / for the equivalent current source shunted by the 
same R. Either source will supply the same current and voltage for any components 
connected across terminals A and B. 

Conversion of voltage and current sources can often simplify circuits, especially 
those with two or more sources. Current sources are easier for parallel connections, 
where we can add or divide currents. Voltage sources are easier for series connec- 
tions, where we can add or divide voltages. 


Two Sources in Parallel Branches 


In Fig. 10—14a, assume that the problem is to find Z, through the middle resistor R}. 
Note that V, with R, and V, with R, are branches in parallel with R,. All three 
branches are connected across terminals A and B. 

When we convert V, and V, to current sources in Fig. 10-140, the circuit has all 
parallel branches. Current /, is 2 or 7 A, and J, is 7/4 which also happens to be 7 A. 
Current /, has its parallel R of 12 Q, and J, has its parallel R of 3 Q. 

Furthermore, 7, and J, can be combined for the one equivalent current source J, 
in Fig. 10—14c. Since both sources produce current in the same direction through R, , 
they are added for /,=7+7=14A. 

The shunt R for the 14-A combined source is the combined resistance of the 
12-Q R, and the 3-Q R, in parallel. This R equals *“s or 2.4 Q, as shown in 
Fig. 10-14c. 

To find Z, we can use the current divider formula for the 6- and 2.4-Q branches, 
into which the 14-A /, from the current source was split. Then 


2.4 


L=734+6 


x14=4A 


Figure 10-13 The voltage source in (a) corresponds to the current source in (b). 
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Figure 10-14 Converting two voltage sources in V, and V, in parallel branches to current sources /, and /, that can be combined. 
(a) Original circuit. (b) V, and V, converted to parallel current sources /, and h. (0 Equivalent circuit with one combined current source ly. 
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R,=32 
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A 


= V= 


21V 


Current B | Current 


(c) 


The voltage Vg, across terminals A and B is /,R,, which equals 4 x 6 = 24 V. 
These are the same values calculated for V, and /, by Kirchhoff’s laws in Fig. 9-5 
and by Thevenin’s theorem in Fig. 10-5. ~ 


Two Sources in Series 


Referring to Fig. 10-15, assume that the problem is to find the current Z, through the 
load resistance R, between terminals A and B. This circuit has the two current 
sources /, and J, in series. 

The problem here can be simplified by converting /, and J, to the series voltage 
sources V, and V,, as shown in Fig. 10-15. The 2-A 7, with its shunt 4-Q R, is equiva- 
lent to 4 x 2, or 8 V, for V, with a 4-Q series resistance. Similarly, the 5-A J, with its 
shunt 2-Q R, is equivalent to 5 x 2, or 10 V, for V, with a 2-Q series resistance. The 
polarities of V, and V, produce electron flow in the same direction as 7, and J. 

The series voltages can now be combined as in Fig. 10-15c. The 8 V of V, and 
10 V of V, are added because they are series-aiding, resulting in the total V, of 18 V, 


Figure 10-15 Converting two current sources /, and /, in series to voltage sources V, and V, that can be combined. (a) Original circuit. 
(b) |, and l, converted to series voltage sources V, and V». (c) Equivalent circuit with one combined voltage source V,. 


Source 1 


Source 2 


(a) 
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A Source 1 A 


B Source 2 B 
(b) (o) 
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GOOD TO KNOW 


When the values of / and C are 
known in any circuit, the voltage, 


V, can be calculated as V= Ł. 
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and, the resistances of 4 Q for R, and 2 Q for R, are added, for a combined R of 6 Q. 
This is the series resistance of the 18-V source V, connected across terminals 
A and B. 

The total resistance of the circuit in Fig. 10-15c is R plus R, or6 +3 =9 Q. 
With 18 V applied, J, = '% = 2 A through R, between terminals A and B. 


E 70-7 Self-Review 


Answers at the end of the chapter. 


A voltage source has 21 V in series with 3 Q. For the equivalent 
current source, 

a. How much is 7? 

b. How much is the shunt R? 


10-8 Millman’s Theorem 


Millman’s theorem provides a shortcut for finding the common voltage across any 
number of parallel branches with different voltage sources. A typical example is 
shown in Fig. 10-16. For all branches, the ends at point Y are connected to chassis 
ground. Furthermore, the opposite ends of all branches are also connected to the 
common point X. The voltage V,,, therefore, is the common voltage across all 
branches. 

Finding the value of V,, gives the net effect of all sources in determining the 
voltage at X with respect to chassis ground. To calculate this voltage, 
V,/R, + V,/R, + V;/R, 7 

1/R, + 1/R, + 1/R, 

This formula is derived by converting the voltage sources to current sources and 
combining the results. The numerator with V/R terms is the sum of the parallel cur- 
rent sources. The denominator with 1/R terms is the sum of the parallel conduc- 
tances. The net V,,, then, is the form of Z/G or J x R, which is in units of voltage. 


-etc. (10-1) 


Vxy = 


Calculating Vy 
For the values in Fig. 10-16, 


Vey =+- 


YO YEE 
_ 840-2 
~ 1 

Vey =6V 


Figure 10-16 Example of Millman’s theorem to find Vy, the common voltage across 
branches with separate voltage sources. 


Branch 1 Branch 2 Branch 3 
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Network Theorems 


Figure 10-17 The same circuit as in Fig. 9-5 for Kirchhoff’s laws, but shown with parallel 
branches to calculate V by Millman’s theorem. 


Note that in branch 3, V, is considered negative because it would make point X 
negative. However, all resistances are positive. The positive answer for V,,, means 
that point X is positive with respect to Y. 

In branch 2, V, is zero because this branch has no voltage source. However, R, is 
still used in the denominator. 

This method can be used for any number of branches, but all must be in parallel 
without any series resistances between branches. In a branch with several resis- 
tances, they can be combined as one R,. When a branch has more than one voltage 
source, the voltages can be combined algebraically for one V}. 


Applications of Millman’s Theorem 


In many cases, a circuit can be redrawn to show the parallel branches and their com- 
mon voltage V,,. Then with V,, known, the entire circuit can be analyzed quickly. 
For instance, Fig. 10-17 has been solved before by other methods. For Millman’s 
theorem, the common voltage V,,, across all branches is the same as V, across R}. 
This voltage is calculated with Formula (10-1), as follows: 
= ie ah TES 7] 
XY 


~ r+ V+ a 
_-14_ 12 
=a 14 x 


Vey = -24 V = V; 


The negative sign means that point X is the negative side of Vy. 

With V, known to be 24 V across the 6-Q R,, then /, must be *% = 4 A. Similarly, 
all voltages and currents in this circuit can then be calculated. (See Fig. 9-6 in 
Chapter 9.) 

As another application, the example of superposition in Fig. 10-1 has been 
redrawn in Fig. 10-18 to show the parallel branches with a common voltage V,y to 
be calculated by Millman’s theorem. Then 


_ 24 V/30 kQ -9 V/60KQ _ 0.8 mA — 0.15 mA 


xY = T/BOKQ) + 1/60kQ) ~ 3/(60Kk9) 
z 60 _ 39 
= 0.65 x P= 

Vey = 13 V=V, 


The answer of 13 V from point P to ground, using Millman’s theorem, is the same 
value calculated before by superposition. 
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GOOD TO KNOW 


You can expect to encounter 
delta (A) and wye (Y) networks 
when studying circuits involving 


three-phase AC power. 
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Figure 10-18 Same circuit as in Fig. 10-1 for superposition, but shown with parallel 
branches to calculate Vy by Millman’s theorem. 


E 70-8 Self-Review 


Answers at the end of the chapter. 


For the example of Millman’s theorem in Fig. 10-16, 
a. How much is V,? 
b. How much is V}? 


10-9 Tor Y and zor A Connections 


The circuit in Fig. 10-19 is called a T (tee) or Y (wye) network, as suggested by the 
shape. They are different names for the same network; the only difference is that the 
R, and R, legs are shown at an angle in the Y. 

The circuit in Fig. 10-20 is called a x (pi) or A (delta) network because the shape 
is similar to these Greek letters. Both forms are the same network. Actually, the 
network can have the R, arm shown at the top or bottom, as long as it is connected 
between R, and Ro. In Fig. 10-20, R, is at the top, as an inverted delta, to look like 
the x network. 

The circuits in Figs. 10-19 and 10-20 are passive networks without any energy 
sources. They are also three-terminal networks with two pairs of connections for 


Figure 10-19 The form of aT or Y network. 


Rə R 
A Cc <—> 
R, 
B 


Figure 10-20 The form of a mor A network. 
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Figure 10-21 


Conversion between Y 


and A networks. See text for conversion 


formulas. 


Network Theorems 


input and output voltages with one common. In Fig. 10-19, point B is the common 
terminal and point 2 is common in Fig. 10-20. 

The Y and A forms are different ways to connect three resistors in a passive net- 
work. Note that resistors in the Y are labeled with subscripts 1, 2, and 3, whereas the 
A has subscripts A, B, and C to emphasize the different connections. 


Conversion Formulas 


In the analysis of networks, it is often helpful to convert a A to Y or vice versa. 
Either it may be difficult to visualize the circuit without the conversion, or the con- 
version makes the solution simpler. The formulas for these transformations are 
given here. All are derived from Kirchhoff’s laws. Note that letters are used as sub- 
scripts for R,, Ry, and Ro in the A, whereas the resistances are numbered R,, R,, and 
R, in the Y. 

Conversions of Y to A or T to z: 


p — RiR + RRs + RR, 


A Ri 
R R, + RR, + RR 
R= (10-2) 
R R, + RR, + RR, 
R.= T 
3 


or 


È all cross products in Y 


4 opposite R in Y 


These formulas can be used to convert a Y network to an equivalent A or a T net- 
work to mæ. Both networks will have the same resistance across any pair of 
terminals. 
The three formulas have the same general form, indicated at the bottom as one 
basic rule. The symbol È is the Greek capital letter sigma, meaning “sum of.” 
For the opposite conversion, 


Conversion of A to Y or zto T: 


eRe 
VR, + Rg t Ro 
RR, 
R= RFR, +R i) 
R — R,Rg 
5 Ra + Rg + Re 
or 
R= product of two adjacent R in A 
= 


LallRinA 


As an aid in using these formulas, the following scheme is useful. Place the Y 
inside the A, as shown in Fig. 10-21. Notice that the A has three closed sides, and 
the Y has three open arms. Also note how resistors can be considered opposite each 
other in the two networks. For instance, the open arm R, is opposite the closed side 
R,, R, is opposite R,, and R, is opposite Ro. 

Furthermore, each resistor in an open arm has two adjacent resistors in the closed 
sides. For R,, its adjacent resistors are R, and Re, also Ro and R, are adjacent to R,, 
and R, and R, are adjacent to R}. 

In the formulas for the Y-to-A conversion, each side of the delta is found by first 
taking all possible cross products of the arms of the wye, using two arms at a time. 
There are three such cross products. The sum of the three cross products is then 
divided by the opposite arm to find the value of each side of the delta. Note that the 
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numerator remains the same, the sum of the three cross products. However, each 
side of the delta is calculated by dividing this sum by the opposite arm. 

For the A-to-Y conversion, each arm of the wye is found by taking the product of 
the two adjacent sides in the delta and dividing by the sum of the three sides of the 
delta. The product of two adjacent resistors excludes the opposite resistor. The 
denominator for the sum of the three sides remains the same in the three formulas. 
However, each arm is calculated by dividing the sum into each cross product. 


Example of Conversion 


The values shown for the equivalent Y and A in Fig. 10-21 are calculated as fol- 
lows: Starting with 4, 6, and 10 Q for sides R,, Rg, and Re, respectively, in the delta, 
the corresponding arms in the wye are 


R,Re 6x10 60 


As a check on these values, we can calculate the equivalent delta for this wye. 
Starting with values of 3, 2, and 1.2 Q for R,, R,, and R,, respectively, in the wye, the 
corresponding values in the delta are: 


_ RR, + RR, + RR, 6424436 12 _ 
R= R, == m =z = 40 
12) AD 
R= R= 5) =6Q 


12_ 12 
R: = R a 10 Q 
These results show that the Y and A networks in Fig. 10-21 are equivalent to each 
other when they have the values obtained with the conversion formulas. 

Note that the equivalent R values in the Y are less than those in the equivalent 
A network. The reason is that the Y has two legs between the terminals, whereas 
the A has only one. 


Simplifying a Bridge Circuit 


As an example of the use of such transformations, consider the bridge circuit of 
Fig. 10-22. The total current 7, from the battery is desired. Therefore, we must find 
the total resistance R,. 

One approach is to note that the bridge in Fig. 10—22a consists of two deltas con- 
nected between terminals P, and P,. One of them can be replaced by an equivalent 
wye. We use the bottom delta with R, across the top, in the same form as Fig. 10-21. 
We then replace this delta R,R,R. by an equivalent wye R,R,R;, as shown in 
Fig.10—22b. Using the conversion formulas, 


RR eS 


‘PER, o" 


~ 12 12 
R,Re _ 8 2 
R=- a 
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Figure 10-22 Solving a bridge circuit by A-to-Y conversion. (a) Original circuit. (b) How the Y of R, RR, corresponds to the A of R RRc. 
(o) The Y substituted for the A network. The result is a series-parallel circuit with the same R, as the original bridge circuit. (d) R, is 4.5 Q 


between points P; and P,. 


GOOD TO KNOW 


Ry 
In a balanced Network Ry = B 


and Ra = 3Ry. 


Network Theorems 


Ps 


P3 
ee 
R=25Q 
R= 
452 4 
R,=2Q 
S 
Py 
(c) (d) 


We next use these values for R,, R,, and R, in an equivalent wye to replace the 
original delta. Then the resistances form the series-parallel circuit shown in 
Fig. 10—22c. The combined resistance of the two parallel branches here is 4 x 6.67 
divided by 10.67, which equals 2.5 Q for R. Adding this 2.5 Q to the series R, of 
2 Q, the total resistance is 4.5 Q in Fig. 10—22d. 

This 4.5 Q is the R, for the entire bridge circuit between P, and P, connected to 
source V. Then J, is 30 V/ 4.5 Q, which equals 6.67 A supplied by the source. 

Another approach to finding R, for the bridge circuit in Fig. 10—22a is to recog- 
nize that the bridge also consists of two T or Y networks between terminals P, and 
P,. One of them can be transformed into an equivalent delta. The result is another 
series-parallel circuit but with the same R, of 4.5 Q. 


Balanced Networks 


When all the R values are equal in a network, it is balanced. Then the conversion is 
simplified, as R in the wye network is one-third the R in the equivalent delta. As an 
example, for R, = Rẹ = Re equal to 6 Q in the delta, the equivalent wye has 
R, = R, = R, equal to % or 2 Q. Or, converting the other way, for 2-Q R values in a 
balanced wye, the equivalent delta network has each R equal to 3 x 2 = 6 Q. This 
example is illustrated in Fig. 10-23. 
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Figure 10-23 Equivalent balanced networks. (a) Delta form. (b) Wye form. 


Ra =6Q 


E 70-9 Self-Review 
Answers at the end of the chapter. 


In the standard form for conversion, 
a. Which resistor in the Y is opposite R, in the A? 
b. Which two resistors in the A are adjacent to R,, in the Y? 
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Summary 


Superposition theorem. In a linear, 
bilateral network having more than 
one source, the current and voltage 
in any part of the network can be 
found by adding algebraically the 
effect of each source separately. All 
other sources are temporarily killed 
by short-circuiting voltage sources 
and opening current sources. 


Thevenin’s theorem. Any network with 
two open terminals A and B can be 

replaced by a single voltage source 
tp in series with a single resistance 
Ry, connected to terminals A and B. 
Voltage V;, is the voltage produced 

by the network across terminals A 


and B. Resistance R,,, is the 


Important Terms 


Active components — electronic 
components such as diodes and 
transistors that can rectify or amplify. 


Bilateral components — electronic 
components that have the same 
current for opposite polarities of 
applied voltage. 


Current source — a source that supplies 
a total current to be divided among 
parallel branches. 


Linear component — an electronic 
component whose current is 
proportional to the applied voltage. 


Millman’s theorem — a theorem that 
provides a shortcut for finding the 


Related Formulas 


Millman’s theorem 

VZR; + Vi/Ry + V/R 
1/R +1/R,+1/R3 
Conversion of Y to A or T to a: 

R R> + RjR3 + R3R, 


Vyy = 


R= R, 
_ RR +RR + RR 
ps R, 
R R> + RR; + RR, 
a 
34 
_ Zall cross products in Y 
a MaS opposite Rin Y 


Network Theorems 


tG. 


resistance across open terminals A 
and B with all voltage sources short- 
circuited. 


Norton’s theorem. Any two-terminal 
network can be replaced by a single 
current source /, in parallel with a 
single resistance Ry. The value of I, 
is the current produced by the 
network through the short-circuited 


terminals. Ry is the resistance 
across the open terminals with all 
voltage sources short-circuited. 


Millman’s theorem. The common 
voltage across parallel branches 
with different V sources can be 
determined with Formula (10-1). 


common voltage across any number 
of parallel branches with different 
voltage sources. 


Norton’s theorem — a theorem that 
states that an entire network 
connected to a pair of terminals can 
be replaced by a single current 
source, Iy, in parallel with a single 
resistance, Ry. 


Passive components — electronic 
components that do not amplify or 
rectify. 

Superposition theorem — a theorem 
that states that in a network with two 
or more sources, the current or 


A voltage source V with its series R 
can be converted to an equivalent 
current source / with parallel R. 
Similarly, a current source / with a 
parallel R can be converted to a 
voltage source V with a series R. The 
value of l is V/R, or Vis 1X R. The 
value of Ris the same for both 
sources. However, Ris in series with 
V but in parallel with /. 


The conversion between delta and 
wye networks is illustrated in 

Fig. 10—21. To convert from one 
network to the other, Formula 
(10-2) or (10-3) is used. 


voltage for any component is the 
algebraic sum of the effects produced 
by each source acting separately. 


Thevenin’s theorem — a theorem 

that states that an entire network 
connected to a pair of terminals can 
be replaced by a single voltage 
source, Vyp, in series with a single 
resistance, Ry. 


Voltage source — a source that supplies 
a total voltage to be divided among 
series components. 


Conversion of Ato Yor zto T. 


ReRe 
R= a RR 

RcRa 
R= RFR, + Re 

RRs 
ERER +R 

product of two adjacent Rin A 
o R= 


Zall Rin A 
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Self-Test 


Answers at the back of the book. 


1. Aresistor is an example of a(n) 
a. bilateral component. 
b. active component. 
c. passive component. 


d. both a and c. 


2. To apply the superposition theorem, 


all components must be 
a. the active type. 
b. both linear and bilateral. 


c. grounded. 


d. both nonlinear and unidirectional. 


3. When converting from a Norton 
equivalent circuit to a Thevenin 
equivalent circuit or vice versa, 


a. Ry and Rp4 have the same value. 


b. Ry will always be larger than Ry. 


c. I4 is short-circuited to find Viy- 
d. V,,, is short-circuited to find Iy- 


4. When solving for the Thevenin 
equivalent resistance, R,,,, 


a. all voltage sources must be 
opened. 


b. all voltage sources must be 
short-circuited. 


c. all voltage sources must be 
converted to current sources. 


d. none of the above. 


Essay Questions 


1. State the superposition theorem, and discuss how to 4. 

apply it. and vice versa? 
2. State how to calculate V;,, and R;,, in Thevenin equivalent 5. 

circuits. 


3. State the method of calculating /, and Ry for a Norton 


equivalent circuit. 


Problems 


SECTION 10-1 SUPERPOSITION THEOREM 
10-1 In Fig. 10-24, use the superposition theorem 


. Thevenin’s theorem states that an 


entire network connected to a pair 
of terminals can be replaced with 


a. a single current source in parallel 
with a single resistance. 


b. a single voltage source in parallel 
with a single resistance. 


c. a single voltage source in series 
with a single resistance. 


d. a single current source in series 
with a single resistance. 


. Norton’s theorem states that an 


entire network connected to a pair of 
terminals can be replaced with 


a. a single current source in parallel 
with a single resistance. 


b. a single voltage source in parallel 
with a single resistance. 


c. a single voltage source in series 
with a single resistance. 


d. a single current source in series 
with a single resistance. 


. With respect to terminals A and B in 


a complex network, the Thevenin 
voltage, V,,,, is 


a. the voltage across terminals A and 
B when they are short-circuited. 


b. the open-circuit voltage across 
terminals A and B. 


c. the same as the voltage applied to 
the complex network. 


d. none of the above. 


8. 


10. 


A Norton equivalent circuit consists 
of a 100-uA current source, ly, in 
parallel with a 10-kQ resistance, Ry. 
If this circuit is converted to a 
Thevenin equivalent circuit, how 
much is V4? 

a. 1 kV. 

b. 10V. 

c.1V. 


d. It cannot be determined. 


. With respect to terminals A and B in 


a complex network, the Norton 
current, /,,, equals 


a. the current flowing between 
terminals A and B when they are 
open. 


b. the total current supplied by the 
pplied voltage to the network. 


w 


c. zero when terminals A and B are 
hort-circuited. 


s 
d. the current flowing between 

terminals A and B when they are 
short-circuited. 


Which theorem provides a shortcut 
for finding the common voltage 
across any number of parallel 
branches with different voltage 
sources? 


The superposition theorem. 


a. 
b. Thevenin’s theorem. 


. Norton’s theorem. 


f 


d. Millman’s theorem. 


How is a voltage source converted to a current source, 


For what type of circuit is Millman’s theorem used? 


6. Drawa delta network and a wye network, and give the 


to solve for the voltage, V,, with respect to ground. 


10-2 In Fig. 10-25, use the superposition theorem 


six formulas needed to convert from one to the other. 


10-3 In Fig. 10-25, recalculate the voltage, Vp, if the 
resistors R, and R, are interchanged. 


10-4 In Fig. 10-26, use the superposition theorem to solve 


to solve for the voltage, Vp, with respect to ground. 
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for the voltage, Vag. 
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Figure 10-24 


10-5 In Fig. 10—26, recalculate the voltage, Vg, if the polarity 
of V, is reversed. 


Figure 10-26 


R, = 2202 R = 680 Q 
+ A + 
v,=9V = —V,=27V 
os 5 S 


Network Theorems 


SECTION 10-2 THEVENIN’S THEOREM 
10-6 In Fig. 10-27, draw the Thevenin equivalent 


circuit with respect to terminals A and B (mentally 
remove R). 


Figure 10-27 


R =4Q 


10-7 In Fig. 10-27, use the Thevenin equivalent circuit to 
calculate /, and V, for the following values of R,; 
R =3Q,R =6Q,andR,=12Q. 


10-8 In Fig. 10-28, draw the Thevenin equivalent 
circuit with respect to terminals A and B (mentally 
remove R,). 


Figure 10-28 


R,=122 


R3 = 6802 


Vr =120 V = 


10-9 In Fig. 10-28, use the Thevenin equivalent circuit to 
calculate /, and V, for the following values of R,: 


R, =100 Q, R, =1 kQ, and R, =5.6 kQ. 


10-10 In Fig. 10-29, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-29 


R, = 6809 


R, = 2202 


10-11 In Fig. 10-29, use the Thevenin equivalent circuit to 
calculate /, and V, for the following values of R: 


R, = 200 Q, R, = 1.2 kQ, and R, =1.8kQ. 
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10-12 In Fig. 10-30, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-30 


10-13 In Fig. 10-30, use the Thevenin equivalent circuit to 
solve for /, and R,. 


SECTION 10-3 THEVENIZING A CIRCUIT WITH 
TWO VOLTAGE SOURCES 


10-14 In Fig. 10-31, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R;). 


Figure 10-31 


10-15 Using the Thevenin equivalent circuit for Fig. 10-31, 
calculate the values for /, and V, . 


10-16 In Fig. 10-32, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-32 


R, = 120 Q Rz=180Q 


10-17 Using the Thevenin equivalent circuit for Fig. 10-32, 
calculate the values for /, and V, . 


10-18 With the polarity of V, reversed in Fig. 10-32, redraw 
the Thevenin equivalent circuit with respect to 


terminals A and B. Also, recalculate the new values for 


l and V, - 
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SECTION 10-4 THEVENIZING A BRIDGE CIRCUIT 


10-19 In Fig. 10-33, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-33 


10-20 Using the Thevenin equivalent circuit for Fig. 10-33, 
calculate the values for /, and V.. 


10-21 In Fig. 10-34, draw the Thevenin equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-34 


10-22 Using the Thevenin equivalent circuit for Fig. 10-34, 
calculate the values for /, and V.. 


SECTION 10-5 NORTON’S THEOREM 


10-23 In Fig. 10-35, draw the Norton equivalent 
circuit with respect to terminals A and B (mentally 
remove R,). 


Figure 10-35 


R,=109 


10-24 Using the Norton equivalent circuit for Fig. 10-35, 
calculate the values for /, and V.. 
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10-25 In Fig. 10-36, draw the Norton equivalent circuit with 
respect to terminals A and B (mentally remove R,). 


Figure 10-36 


R,=12Q 


R3=42 


10-26 Using the Norton equivalent circuit for Fig. 10-36, 
calculate the values for / and V.. 


10-27 If R, is changed to 24 Q in Fig. 10-36, redraw the 
Norton equivalent circuit with respect to terminals A 
and B. Also, recalculate the new values for /, and V.. 


SECTION 10-6 THEVENIN-NORTON CONVERSIONS 


10-28 Assume V,,, = 15 Vand R = 5 Q for the Thevenin 
equivalent circuit in Fig. 1O-37.What are the Norton 
equivalent values of /4 and Ry? 


Figure 10-37 


Rr 


10-29 Assume /,, = 20 mA and Ry, = 1.2 kQ for the Norton 
equivalent circuit in Fig. 1O-37.What are the 
Thevenin equivalent values of V;,, and Ry? 


10-30 Assume /\ =5 mA and Ry = 1.5 kQ for the Norton 
equivalent circuit in Fig. 1O-37.What are the 
Thevenin equivalent values of V;,, and Ryg? 


10-31 Assume V} = 36 V and Ry, = 1.2 kQ for the Thevenin 
equivalent circuit in Fig. 10-37. What are the Norton 
equivalent values of /y and Ry? 


Network Theorems 


SECTION 10-7 CONVERSION OF VOLTAGE AND 
CURRENT SOURCES 
10-32 In Fig. 10-38, 

a. Convert voltage source 1 and voltage source 2 
into equivalent current sources /, and /,. Redraw 
the original circuit showing the current sources in 
place of V, and V,. 


b. Combine the current sources /, and /, into one 
equivalent current source, /,. Draw the equivalent 
circuit. 

c. Using the equivalent current source, h, calculate 


the values of /, and Vp.. 


Figure 10-38 


R,=102 R =10Q 


Voltage source 2 


Voltage source 1 B 


10-33 In Fig. 10-39, 

a. Convert current source 1 and current source 2 
into equivalent voltage sources V, and V,. Redraw 
the original circuit showing the voltage sources in 
place of /, and /5. 

b. Combine the voltage sources V, and V, into one 
equivalent voltage source, V}. Draw the equivalent 
circuit. 


c. Using the equivalent voltage source, V,, calculate 
the values of /, and Vp.. 


Figure 10-39 


Current source J, 
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SECTION 10-8 MILLMAN’S THEOREM SECTION 10-9 TORY AND z OR A CONNECTIONS 


10-34 In Fig. 10—40, apply Millman’s theorem to solve for 10-39 Convert the T network in Fig. 10-43 to an equivalent 
the voltage, Vy. m network. 
Figure 10-40 Figure 10-43 
R,=82 R,=52 
A C 
R,=92 
B 


10-40 Convert the x network in Fig. 10—44 to an equivalent 


T network. 
10-35 In Fig. 10—40, recalculate the voltage, Vy, if the - 
polarity of V, is reversed. Figure 10-44 
10-36 In Fig. 10—41 , apply Millman’s theorem to solve for Ra =18 kQ 


the voltage, Vy- 


Figure 10-41 


10-41 In Fig. 10-45, use delta-wye transformations to 
calculate both R, and /;. 


Figure 10-45 
10-37 In Fig. 10-41, recalculate the voltage, Vy, if the 
polarity of V, is reversed. 


10-38 In Fig. 10-42, apply Millman’s theorem to solve for 
the voltage, Vy. 


Figure 10-42 
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Critical Thinking 


10-42 Thevenize the circuit driving terminals A and B in 
Fig. 10-46. Show the Thevenin equivalent circuit and 
calculate the values for /, and V.. 


Figure 10-46 Circuit for Critical Thinking Problem 10-42. 


R, = 10 KQ 


Vr = 100 V -= 


4 R, =68 KQ 


Ry =10 kQ 


10-43 In Fig. 10-47, use the superposition theorem to solve 
for /, and V.. 


10-44 In Fig. 10-47, show the Thevenin equivalent circuit 
driving terminals A and B. 


Answers to Self-Reviews 10-1 a. R, 
10-2 a. 


10-3 a. 84 


10-4 a. 64 


10-5 a. 


Laboratory Application Assignment 


In this lab application assignment, you will apply Thevenin’s 
theorem to solve for the unknown values of load voltage 
and load current in a circuit. You will begin by applying 
Thevenin’s theorem to a relatively simple series-parallel 
circuit and then graduate to a more complex unbalanced 
bridge circuit. 


Equipment: Obtain the following items from your instructor. 


+ Variable dc voltage source 
+ Assortment of carbon-film resistors 


> DMM 


Network Theorems 


Figure 10-47 Circuit for Critical Thinking Probs. 10-43 
and 10-44. 


10-45 Refer to Fig. 10-34. Remove R, from the circuit, and 
show the Thevenin equivalent circuit driving the open 
terminals. Also, calculate the value of /, and V,.. 


10-6 a. true 
b. true 
c. true 


10-7 a. 7A 
10-8 a. 6V 


10-9 a. R, 


Applying Ohm’s Law 

Examine the series-parallel circuit in Fig. 10-48. Using Ohm’s 
law, calculate and record the current and voltage for the load 
resistor, R,. 


= Va = 


Recalculate /, and Vg, if R is changed to 1.8 kQ. /, = 
Va = 


Recalculate /, and Va, if R is changed to 2.7 kQ. I = 
Va = 
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Figure 10-48 


R,=1kQ 


As you can see, this can become a very tedious task! 


Construct the circuit in Fig. 10—48. Measure and record the 
load current, /,, and load voltage, Vg,, for each of the different 
load resistance values. 


|= Ver = (R, =1.2kQ) 
= Ver = (R, =1.8kQ) 
l= „V= (R, = 2.7 kQ) 


Applying Thevenin’s Theorem 


Referring to Fig. 10—48, Thevenin’s theorem states that the 
entire network connected to terminals A and B can be replaced 
with a single voltage source, Vrp, in series with a single 
resistance, R,,. To find the values of Viy and Ryp, proceed as 
follows. Mentally remove the load, R,, from points A and B, and 
calculate the open-circuit voltage across these two points. This 
value is the Thevenin equivalent voltage, V 4. Record this value 
in Fig. 10—49 as V,,, (calculated). Next, with the load, R,, still 
removed, mentally short the voltage source, V+, and calculate 
the resistance across the open terminals A and B. This value is 
the Thevenin equivalent resistance, R;,,. Record this value in 
Fig. 10—49 as R,,, (calculated). 


Next, remove the load, R,, in Fig. 10—48, and measure the 
open-circuit voltage across points A and B. Record this value in 
Fig. 10-49 as V4 (measured). Next, short the voltage source, 


R3=1.2 KQ 


R, =1.2 kQ 


B 


V,, by removing the leads from the red and black power 
supply terminals and clipping them together. With V, shorted, 
measure the resistance across terminals A and B. Record this 
value in Fig. 10—49 as Ry, (measured). 


Using the calculated values of Vy} and Rin, in Fig. 10-49, 
calculate and record the values of /, and Vg, for each of the 
following load resistance values. 


|= Ve = (R, =1.2kQ) 
|= Ver = (R, =1.8kQ) 
= Ven = (R, = 2.7 kQ) 


How do these values compare to the calculated values in the 
original circuit of Fig. 10—48? 


Construct the Thevenin equivalent circuit in Fig. 10—49. Adjust 
both V;, and R,,, to the measured values recorded in this figure. 
Now measure and record the values of /, and Va, for each of the 
following load resistance values. 


|= Vel = (R, = 1.2 kQ) 
|= Ver = (R, = 1.8kQ) 
|= Ve = (R, = 2.7 kQ) 


How do these values compare to the measured values in the 
original circuit of Fig. 10—48? 


Figure 10-49 


R,,, (calculated) = 
Ry (measured) = 


Vi} (calculated) = 


V} (measured) = 
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The magic in Thevenin’s theorem lies in the fact that the 
Thevenin equivalent circuit driving terminals A and B remains 
the same regardless of the value of R,. In the original circuit of 
Fig. 10—48, every time R, was changed the entire circuit would 
have to be resolved. Not with Thevenin’s theorem! Just plug the 
new value of R, into the Thevenin equivalent circuit, and make 


Figure 10-50 


one simple calculation. 


Unbalanced Bridge Circuit 


Refer to the unbalanced bridge circuit in Fig. 10—50. By 
applying Thevenin’s theorem, determine the value of R, that will 
provide a load current, /,, of 1.2 mA. Show all your calculations 
as well as your Thevenin equivalent circuit. 


Construct the original circuit in Fig. 10—50. For R,, insert the 


value determined from your calculations. Finally, measure and 


record the value of /,./, = 


Cumulative Review Summary (Chapters 9-10) 


° ethods of applying Kirchhoff’s laws 
include 


a) equations of voltages using the 
branch currents in the loops to 
specify the voltages. 


b) equations of currents at a node 
using the node voltage to specify 
the node currents. 


c) equations of voltages using 
assumed mesh currents to specify 
the voltages. 


Cumulative Self-Test 


Answers at the back of the book. 
Answer True or False. 


1. In Fig. 9—5, V, can be found by using 
Kirchhoff’s laws with either branch 
currents or mesh currents. 


2. In Fig. 9—5, V3 can be found by 
superposition, thevenizing, or using 
illman’s theorem. 


3. In Fig. 10-6, /, cannot be found by 
delta-wye conversion because R, 
disappears in the transformation. 


4. In Fig. 10-6, /, can be calculated with 
irchhoff’s laws, using mesh 
currents for three meshes. 


Design credit Multisim: ©Stockbyte/Getty Images 


Network Theorems 


ethods of reducing a network to a 
simple equivalent circuit include 


a) the superposition theorem using 
one source at a time. 


b) Thevenin’s theorem to convert the 
network to a series circuit with one 
voltage source. 


c) Norton’s theorem to convert the 
network to a parallel circuit with 
one current source. 


5. With superposition, we can use 
Ohm/’s law for circuits that have more 
than one source. 


6. A Thevenin equivalent is a parallel 
circuit. 


7. A Norton equivalent is a series 
circuit. 


8. Either a Thevenin or a Norton 
equivalent of a network will produce 
the same current in any load across 
terminals A and B. 


9. A Thevenin-to-Norton conversion 
means converting a voltage source 
to a current source. 


R3=18KQ 


R,=1.2KQ 


(d) Millman’s theorem to find the 
common voltage across parallel 
branches with different sources. 


(e) delta (A) wye (Y) conversions to 
transform a network into a series- 
parallel circuit. 


10. The volt unit is equal to (volts/ohms) 
+ siemens. 


11.A node voltage is a voltage between 
current nodes. 


12.A mnetwork can be converted to an 
equivalent T network. 


13.A 10-V source with 10-Q series R will 
supply 5 V to a 10-Q load R,. 


14.A 10-A source with 10-Q parallel R 
will supply 5 A to a 10-Q load R,. 


15. Current sources in parallel can be 
added when they supply current in 
the same direction through R}. 
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Conductors 
and Insulators 


f you think of a wire as a water pipe for electricity, then it makes sense that the 

larger the diameter of a wire, the more current it can carry. The smaller the 
diameter of a wire, the less current it can carry. For a given length of wire, therefore, 
the resistance, R, decreases as its diameter and cross-sectional area increase. For a 
given diameter and cross-sectional area, however, the resistance of a wire increases 
with length. In general, conductors offer very little opposition or resistance to the 
flow of current. 


An insulator is any material that resists or prevents the flow of electric charge, such 
as electrons. The resistance of an insulator is very high, typically several hundreds of 
megohms or more. An insulator provides the equivalent of an open circuit with 
practically infinite resistance and almost zero current. 


In this chapter, you will be introduced to a variety of topics that includes wire 
conductors, insulators, connectors, mechanical switches, and fuses. All of these 
topics relate to the discussion of conductors and insulators because they either pass 


or prevent the flow of electricity, depending on their condition or state. E 


| Ghapter Outline 


11-1 Function of the Conductor 
11-2 Standard Wire Gage Sizes 
11-3 Types of Wire Conductors 
11-4 Connectors 

11-5 Printed-Circuit Board 
11-6 Switches 

11-7 Fuses 


11-8 
11-9 


11-10 
11-11 
11-12 


Wire Resistance 


Temperature Coefficient of 
Resistance 


lon Current in Liquids and Gases 
Insulators 


Troubleshooting Hints for Wires and 
Connectors 


After studying this chapter, you should be able to 


Explain the main function of a conductor in 
an electric circuit. 


Calculate the cross-sectional area of round 
wire when the diameter is known. 


List the advantages of using stranded wire 
versus solid wire. 


List common types of connectors used with 
wire conductors. 


Define the terms pole and throw as they relate 
to switches. 


Explain how fast-acting and slow-blow fuses 
differ. 


® Calculate the resistance of a wire conductor 
whose length, cross-sectional area, and 


specific resistance are known. 


m Explain the meaning of temperature coefficient 
of resistance. 


@ Explain ion current and electron current. 


Æ Explain why insulators are sometimes called 
dielectrics. 


m Explain what is meant by the corona effect. 


circuit breaker fuse 

circular mil (cmil) ionization current 
corona effect pole 

dielectric material slow-blow fuse 


specific resistance throw 
switch wire gage 
temperature 

coefficient 
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GOOD TO KNOW 


In our homes, the higher-power 
appliances operate from 240 V 
rather than 120 V. The reason is 
that, at twice the voltage, only 
half the current is needed to 
obtain the required power. The 
reduction in / by one-half 
considerably reduces the /?R 
power loss in the wire conductors 
that connect the load to the 
power line. With less current at a 
higher voltage, a smaller 
conductor size can be used which 


is an important advantage. 


11-1 Function of the Conductor 


In Fig. 11-1, the resistance of the two 10-ft lengths of copper-wire conductor is 
0.08 Q. This R is negligibly small compared with the 144-Q R of the tungsten fila- 
ment in the lightbulb. When the current of 0.833 A flows in the bulb and the series 
conductors, the ZR voltage drop of the conductors is only 0.07 V, with 119.93 V 
across the bulb. Practically all the applied voltage is across the bulb filament. Since 
the bulb then has its rated voltage of 120 V, approximately, it will dissipate the rated 
power of 100 W and light with full brilliance. 

The current in the wire conductors and the bulb is the same, since they are in 
series. However, the ZR voltage drop in the conductor is practically zero because its 
R is almost zero. 

Also, the /*R power dissipated in the conductor is negligibly small, allowing the 
conductor to operate without becoming hot. Therefore, the conductor delivers 
energy from the source to the load with minimum loss by electron flow in the cop- 
per wires. 

Although the resistance of wire conductors is very small, for some cases of high 
current, the resultant ZR drop can be appreciable. For example, suppose that the 
120-V power line is supplying 30 A of current to a load through two conductors, 
each of which has a resistance of 0.2 Q. In this case, each conductor has an ZR drop 
of 6 V, calculated as 30 A x 0.2 Q = 6 V. With each conductor dropping 6 V, the 
load receives a voltage of only 108 V rather than the full 120 V. The lower-than- 
normal load voltage could result in the load not operating properly. Furthermore, 
the /?R power dissipated in each conductor equals 180 W, calculated as 30° x 
0.2 Q = 180 W. The FR power loss of 180 W in the conductors is considered exces- 
sively high. 


E 77-7 Self-Review 

Answers at the end of the chapter. 

Refer to Fig. 11-1. 

How much is R for the 20 ft of copper wire? 

How much is the ZR voltage drop for the wire conductors? 

c. The IR voltage in question b is what percentage of the applied voltage? 


SP 


Figure 11-1 The conductors should have minimum resistance to light the bulb with full brilliance. (a) Wiring diagram. 
(b) Schematic diagram. R, and R, represent the very small resistance of the wire conductors. 


120-V 
source 


Copper-wire conductors, 
each 10 ft 


(a) 
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EG | lf Bulb 
aia filament 
R =143.92 Q 
N P =99.94 W 


Conductors 
R, = 0.08 Q 
IR, = 0.07 V 
P=0.06 W 


(b) 
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11-2 Standard Wire Gage Sizes 


Table 11-1 lists the standard wire sizes in the system known as the American 
Wire Gage (AWG) or Brown and Sharpe (B&S) gage. The gage numbers specify 
the size of round wire in terms of its diameter and cross-sectional area. Note the 
following three points: 


1. As the gage numbers increase from 1 to 40, the diameter and circular area 
decrease. Higher gage numbers indicate thinner wire sizes. 

2. The circular area doubles for every three gage sizes. For example, No. 10 
wire has approximately twice the area of No. 13 wire. 

3. The higher the gage number and the thinner the wire, the greater the 
resistance of the wire for any given length. 


Table 11-1 Copper-Wire Table 


Gage Diameter, 
No. Mils 
1 289.3 
2 257.6 
3 229.4 
4 204.3 
5 181 & 
6 162.0 
7 144.3 
8 128.5 
5) 114.4 
10 VOY) 
11 90.74 
12 80.81 
13 71.96 
14 64.08 
15 SOV 
16 50.82 
Iy 45.26 
18 40.30 
19 35.89 
20 31.96 


Area, 
Circular 


Mils 
83,690 
66,370 
52,640 
41,740 
33,100 
26,250 
20,820 
16,510 
13,090 
10,380 
8234 
6530 
5178 
4107 
B25 
2583 
2048 
1624 
1288 
1022 


Ohms per Ohms per 
1000 ft of Area, 1000 ft of 
Copper Wire Gage Diameter, Circular Copper Wire 
at 25°C* No. Mils Mils at 25°C* 
0.1264 21 28.46 810.1 15:05 
0.1593 22 25.35 642.4 16.46 
0.2009 23 225 5095 20.76 
OA533) 24 20.10 404.0 ABA 
053105 25 290) 320.4 33.00 
0.4028 26 15.94 254.1 41.62 
0.5080 Dif 14.20 ZOE) 52.48 
0.6405 28 12.64 159.8 66.17 
0.8077 29 11.26 126.7 83.44 
1.018 30 110103 100.5 1052 
1.284 31 8.928 79.70 1327 
1.619 32 7.950 63.21 loves: 
2.042 55 7.080 SONS 211.0 
25S 34 6.305 B975 266.0 
3.247 35) 5615 3) 52 355) 
4.094 36 5.000 25.00 423.0 
565 37 4.453 19183 533.4 
6.510 38 3.965 15.72 672.6 
8.210 39 3.5331 12.47 848.1 
1035 40 3.145 9.88 1069 


* 20° to 25°C or 68° to 77°F is considered average room temperature. 
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GOOD TO KNOW 


There are gage sizes lower than 
No. 1 gage. They are No. 0, 

No. 00, No. 000, and No. 0000, 
with No. 0000 having the largest 
cross-sectional area. The wire 
sizes 0,00,000 and 0000 are 
usually represented as 1/0, 2/0, 
3/0, and 4/0, respectively. The 
number after the slash is always a 
zero and is pronounced “aught.” 
The Number before the slash 
indicates the wire size is X 
number of zeros. 1/0 is 
pronounced one aught, 2/0 is 


pronounced two aught, and so on. 


Figure 11-2 Standard American Wire 
Gage for wire conductors. 
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Cindy Schroeder/McGraw-Hill Education 


In typical applications, hookup wire for electronic circuits with current of the 
order of milliamperes is generally about No. 22 gage. For this size, 0.5 to 1 A is the 
maximum current the wire can carry without excessive heating. 

House wiring for circuits where the current is 5 to 15 A is usually No. 14 gage. 
Minimum sizes for house wiring are set by local electrical codes, which are usually 
guided by the National Electrical Code published by the National Fire Protection 
Association. A gage for measuring wire size is shown in Fig. 11-2. 


Circular Mils 


The cross-sectional area of round wire is measured in circular mils, abbreviated 
cmil. A mil is one-thousandth of an inch, or 0.001 in. One circular mil is the cross- 
sectional area of a wire with a diameter of 1 mil. The number of circular mils in any 
circular area is equal to the square of the diameter in mils or cmil = d?(mils). 


Example 11-1 


What is the area in circular mils of a wire with a diameter of 0.005 in.? 


ANSWER We must convert the diameter to mils. Since 0.005 in. equals 
5 mil, 


Circular mil area = (5 mil)? 
Area = 25 cmil 


Note that the circular mil is a unit of area, obtained by squaring the diameter, 
whereas the mil is a linear unit of length, equal to one-thousandth of an inch. There- 
fore, the circular-mil area increases as the square of the diameter. As illustrated in 
Fig. 11-3, doubling the diameter quadruples the area. Circular mils are convenient 
for round wire because the cross-section is specified without using the formula zr? 
or zd?/4 for the area of a circle. 


Figure 11-3 Cross-sectional area for round wire. Doubling the diameter increases the 
circular area by four times. 


Diameter = 5 mils 
Area = 25 cmils 


Diameter = 10 mils 
Area = 100 cmils 
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Figure 11-4 Types of wire conductors. 


(a) Solid wire. (b) Stranded wire. (c) Braided 
wire for very low R. (d) Coaxial cable. Note 
braided wire for shielding the inner 
conductor. (e) Twin-lead cable. 


(a) (b) (c) 


(a) (e) 
(a-e): Cindy Schroeder/McGraw-Hill Education 
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E 71-2 Self-Review 
Answers at the end of the chapter. 


a. How much is R for 1 ft of No. 22 wire? 

b. What is the cross-sectional area in circular mils for wire with a 
diameter of 0.025 in.? 

c. What is the wire gage size in Fig. 11-1? 


11-3 Types of Wire Conductors 


Most wire conductors are copper due to its low cost, although aluminum and 
silver are also used sometimes. The copper may be tinned with a thin coating of 
solder, which gives it a silvery appearance. Tinned wire is easier to solder for con- 
nections. The wire can be solid or stranded, as shown in Fig. 11—4a and b. Solid 
wire is made of only one conductor. If bent or flexed repeatedly, solid wire may 
break. Therefore, solid wire is used in places where bending and flexing is not 
encountered. House wiring is a good example of the use of solid wire. Stranded 
wire is made up of several individual strands put together in a braid. Some uses 
for stranded wire include telephone cords, extension cords, and speaker wire, to 
name a few. 

Stranded wire is flexible, easier to handle, and less likely to develop an open 
break. Sizes for stranded wire are equivalent to the sum of the areas for the 
individual strands. For instance, two strands of No. 30 wire correspond to solid 
No. 27 wire. 


Example 11-2 


A stranded wire is made up of 16 individual strands of No. 27 gage wire. What 
is its equivalent gage size in solid wire? 


ANSWER _ The equivalent gage size in solid wire is determined by the total 
circular area of all individual strands. Referring to Table 11-1, the circular area 
for No. 27 gage wire is 201.5 cmils. Since there are 16 individual strands, the 
total circular area is calculated as follows: 


201.5 cmils 


Total cmil area = 16 strands x 
strand 


= 3224 cmils 


Referring to Table 11—1, we see that the circular area of 3224 cmils 
corresponds very closely to the cmil area of No. 15 gage wire. Therefore, 
16 strands of No. 27 gage wire is roughly equivalent to No. 15 gage solid wire. 


Very thin wire, such as No. 30, often has an insulating coating of enamel or 
shellac. It may look like copper, but the coating must be scraped off the ends to 
make a good connection. This type of wire is used for small coils. 

Heavier wires generally are in an insulating sleeve, which may be rubber or one 
of many plastic materials. General-purpose wire for connecting electronic compo- 
nents is generally plastic-coated hookup wire of No. 20 gage. Hookup wire that is 
bare should be enclosed in a hollow insulating sleeve called spaghetti. 
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The braided conductor in Fig. 11—4c is used for very low resistance. It is wide 
for low R and thin for flexibility, and the braiding provides many strands. A com- 
mon application is a grounding connection, which must have very low R. 


Transmission Lines 


Constant spacing between two conductors through the entire length provides a 
transmission line. Common examples are the coaxial cable in Fig. 11—4d and the 
twin lead in Fig. 11—4e. 

Coaxial cable with an outside diameter of % in. is generally used for the signals 
in cable television. In construction, there is an inner solid wire, insulated from 
metallic braid that serves as the other conductor. The entire assembly is covered by 
an outer plastic jacket. In operation, the inner conductor has the desired signal volt- 
age with respect to ground, and the metallic braid is connected to ground to shield 
the inner conductor against interference. Coaxial cable, therefore, is a shielded type 
of transmission line. 

With twin-lead wire, two conductors are embedded in plastic to provide constant 
spacing. This type of line is commonly used in television for connecting the antenna 
to the receiver. In this application, the spacing is % in. between wires of No. 20 gage 
size, approximately. This line is not shielded. 


Wire Cable 


Two or more conductors in a common covering form a cable. Each wire is insulated 
from the others. Cables often consist of two, three, ten, or many more pairs of con- 
ductors, usually color-coded to help identify the conductors at both ends of a cable. 
The ribbon cable in Fig. 11-5, has multiple conductors but not in pairs. This 
cable is used for multiple connections to a computer and associated equipment. 
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Answers at the end of the chapter. 

The plastic coating on wire conductors has very high R. (True/False) 

Coaxial cable is a shielded transmission line. (True/False) 

c. With repeated bending and flexing, solid wire is more likely to 
develop an open than stranded wire. (True/False) 


SP 


Figure 11-5 Ribbon cable with multiple conductors. 


Chapter 11 


Mark Steinmetz/McGraw-Hil Education 


GOOD TO KNOW 


A lot of skill is required to 
properly attach a connector toa 
cable. Attaching a connector to a 
cable improperly (or poorly) can 
result in the malfunction of an 


entire system. 


11-4 Connectors 


Refer to Fig. 11-6 for different types. The spade lug in Fig. 11—6a is often used for 
screw-type terminals. The alligator clip in Fig. 11—6b is convenient for a temporary 
connection. Alligator clips come in small and large sizes. The banana pins in 
Fig. 11—6c have spring-type sides that make a tight connection. The terminal strip in 
Fig. 11—6d provides a block for multiple solder connections. 

The RCA-type plug in Fig. 11—6e is commonly used for shielded cables with 
audio equipment. The inner conductor of the shielded cable is connected to the 
center pin of the plug, and the cable braid is connected to the shield. Both connections 
must be soldered. 

The phone plug in Fig. 11—6f is still used in many applications but usually in a 
smaller size. The ring is insulated from the sleeve to provide for two connections. 
There may be a separate tip, ring, and sleeve for three connections. The sleeve is 
usually the ground side. 

The plug in Fig. 11—6g is called an F connector. It is universally used in cable 
television because of its convenience. The center conductor of the coaxial cable 
serves as the center pin of the plug, so that no soldering is needed. Also, the shield 
on the plug is press-fit onto the braid of the cable underneath the plastic jacket. 

Figure 1 1-6 shows a multiple pin connector having many conductors. This type 
of connector is often used to connect the components of a computer system, such as 
the monitor and the keyboard, to the computer. 

Figure 1 1-6 shows a spring-loaded metal hook as a grabber for a temporary con- 
nection to a circuit. This type of connector is often used with the test leads of a 
VOM or a DMM. 


Figure 11-6 Common types of connectors for wire conductors. (a) Spade lug. (b) Alligator clip. (€) Double banana-pin plug. (d) Terminal 
strip. (e) RCA-type plug for audio cables. (f) Phone plug. (g) F-type plug for cable TV. (h) Multiple-pin connector plug. (i) Spring-loaded 


metal hook as grabber for temporary connection in testing circuits. 


(a) (b) 


i 
(e) (f) 


(a-i): Cindy Schroeder/McGraw-Hill Education 
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GOOD TO KNOW 


Many printed-circuit boards are 
multilayer boards that contain 
several different layers of printed 
wiring. Printed-circuit boards 
that have four or five layers of 


printed wiring are not uncommon. 
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Answers at the end of the chapter. 


a. The RCA-type plug is commonly used for shielded cables with audio 
equipment. (True/False) 

b. The F-type connector is used with coaxial cable. (True/False) 

c. The F-type connector can also be used with twin-lead line. (True/ 
False) 


11-5 Printed Circuit Board 


Most electronic components are mounted on a plastic or fiberglass insulating board 
with copper traces interconnecting the components. This is called a printed-circuit 
(PC) board. In some cases only one side of the PC board has the components, such 
as resistors, capacitors, coils, transistors, diodes, and integrated-circuits. The other 
side then has the conducting paths printed with silver or copper traces on the board, 
instead of using wires. On a double-sided board, the component side also has copper 
traces. Sockets, small metal eyelets, or holes in the board are used to connect the 
components to the wiring. Figure 11—7 shows a double-side PC board. 

With a bright light on one side, you can see through to the opposite side to trace 
the connections. However, the circuit may be drawn on the PC board. 

It is important not to use too much heat in soldering or desoldering. Otherwise 
the printed wiring can be lifted off the board. Use a small iron of about 25- to 30-W 
rating. When soldering semiconductor diodes and transistors, hold the lead with 
pliers or connect an alligator clip as a heat sink to conduct heat away from the semi- 
conductor junction. 

For desoldering, use a solder-sucker tool, with a soldering iron, to clean each 
terminal. Another method of removing solder is to use a copper-wire braid that is 
impregnated with rosin flux. This copper-wire braid, often called a desoldering 
braid, is excellent for attracting liquid or molten solder. Just put the desoldering 
braid on the solder joint and heat it until the solder runs up into the copper braid. 
The terminal must be clean enough to lift out the component easily without dam- 
aging the PC board. One advantage of using a desoldering braid versus a solder 
sucker tool is that the desoldering braid acts like a natural heat sink, thus reducing 
the risk of damaging the copper traces on the PC board. 


Figure 11-7 — Printed-circuit board (double-sided). (a) Top side of PC board with resistors, capacitors, transistors, and integrated circuits. 
(b) Bottom side of PC board with copper traces and additional components. 
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GOOD TO KNOW 


Switches can have more than two 
poles and two throws. For 
example, a single-pole switch 
might have 3, 4, 5, or more 
throws. Similarly, there are 


triple-pole, single-throw switches. 


A small crack in the printed wiring acts like an open circuit preventing current 
flow. Cracks can be repaired by soldering a short length of bare wire over the open 
circuit. If a larger section of printed wiring is open, or if the board is cracked, you 
can bridge the open circuit with a length of hookup wire soldered at two conve- 
nient end terminals of the printed wiring. In many electronic industries, special 
kits are available for replacing damaged or open traces on PC boards. 
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Answers at the end of the chapter. 


a. Which is the best size of iron to use to solder on a PC board: 25, 100, 
or 150 W? 

b. How much is the resistance of a printed-wire conductor with a crack 
in the middle? 


11-6 Switches 


A switch is a component that allows us to control whether the current is ON or OFF 
in a circuit. A closed switch has practically zero resistance, whereas an open 
switch has nearly infinite resistance. 

Figure 11—8 shows a switch in series with a voltage source and a lightbulb. 
With the switch closed, as in Fig. 11—8a, a complete path for current is provided 
and the light is on. Since the switch has very low resistance when it is closed, all 
of the source voltage is across the load, with 0 V across the closed contacts of the 
switch. With the switch open, as in Fig. 11—8b, the path for current is interrupted 
and the bulb does not light. Since the switch has very high resistance when it is 
open, all of the source voltage is across the open switch contacts, with 0 V across 
the load. 


Switch Ratings 


All switches have a current rating and a voltage rating. The current rating corre- 
sponds to the maximum allowable current that the switch can carry when closed. 
The current rating is based on the physical size of the switch contacts as well as 
the type of metal used for the contacts. Many switches have gold- or silver-plated 
contacts to ensure very low resistance when closed. 

The voltage rating of a switch corresponds to the maximum voltage that can 
safely be applied across the open contacts without internal arcing. The voltage 
rating does not apply when the switch is closed, since the voltage drop across the 
closed switch contacts is practically zero. 


Figure 11-8 A series switch used to open or close a circuit. (a) With the switch closed, current flows to light the bulb. The 
voltage drop across the closed switch is O V. (b) With the switch open, the light is orr. The voltage drop across the open switch is 12 V. 


ov 


Switch 


(a) 
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Figure 11-9 Switches. (a) Single-pole, 
single-throw. (b) Single-pole, double-throw. 


(©) Double-pole, single-throw. (d) Double- 
pole, double-throw. 


Switch Definitions 


Toggle switches are usually described as having a certain number of poles and 
throws. For example, the switch in Fig. 11-8 is described as a single-pole, single- 
throw (SPST) switch. Other popular switch types include the single-pole, double- 
throw (SPDT), double-pole, single-throw (DPST), and double-pole, double-throw 
(DPDT). The schematic symbols for each type are shown in Fig. 11-9. Notice that 
the SPST switch has two connecting terminals, whereas the SPDT has three, the 
DPST has four, and the DPDT has six. 

The term pole is defined as the number of completely isolated circuits that can 
be controlled by the switch. The term throw is defined as the number of closed 
contact positions that exist per pole. The SPST switch in Fig. 11-8 can control the 
current in only one circuit, and there is only one closed contact position, hence the 
name single-pole, single-throw. 

Figure 11—10 shows a variety of switch applications. In Fig. 11—-10a, an SPDT 
switch is being used to switch a 12-Vpc source between one of two different loads. 
In Fig. 11-10b, a DPST switch is being used to control two completely separate 
circuits simultaneously. In Fig. 11-10c, a DPDT switch is being used to reverse 
the polarity of voltage across the terminals of a DC motor. (Reversing the polarity 
reverses the direction of the motor.) Note that the dashed lines shown between the 
poles in Fig. 11-10b and 11-10c indicate that both sets of contacts within the 
switch are opened and closed simultaneously. 


Switch Types 


Figure 11—11 shows a variety of toggle switches. Although the toggle switch is a 
very popular type of switch, several other types are found in electronic equipment. 
Additional types include push-button switches, rocker switches, slide switches, 
rotary switches, and DIP switches. 

Push-button switches are often spring-loaded switches that are either normally 
open (NO) or normally closed (NC). Figure 11—12 shows the schematic symbols for 
both types. For the normally open switch in Fig. 11—12a, the switch contacts remain 


Figure 11-10 Switch applications. (a) SPDT switch used to switch a 12-V source between one of two different loads. (b) DPST switch 
controlling two completely isolated circuits simultaneously. (c) DPDT switch used to reverse the polarity of voltage across a DC motor. 


(a) 


(6) 


340 


Chapter 11 


Mark Steinmetz/McGraw- 


Hill Education 


Mark Steinmetz/McGraw- 


Hill Education 


Figure 11-11 A variety of toggle 
switches. 


Figure 11-14 Dual-inline package 
(DIP) switch. 


Figure 11-15 Rotary switch. 
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Figure 11-12 Push-button switch Figure 11-13 Typical push-button 
schematic symbols. (a) Normally open switch. 

push-button switch. (b) Normally closed 
push-button switch. 


2 aale 


pmo 0 Normally closed (NC) 


Normally open (NO) (b) 


(a) 


open until the push button is depressed. When the push button is depressed, the 
switch closes, allowing current to pass. The normally closed switch in Fig. 11—12b 
operates opposite the normally open switch in Fig. 11—12a. When the push button 
is depressed, the switch contacts open to interrupt current in the circuit. A typical 
push-button switch is shown in Fig. 11-13. 

Figure 11—14 shows a DIP (dual-inline package) switch. It consists of eight min- 
iature rocker switches, where each switch can be set separately. A DIP switch has 
pin connections that fit into a standard IC socket. 

Figure 11—15 shows another type of switch known as a rotary switch. As shown, 
it consists of three wafers or decks mounted on a common shaft. 
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Answers at the end of the chapter. 


a. How much is the ZR voltage drop across a closed switch? 

b. How many connections are there on an SPDT switch? 

c. What is the resistance across the contacts of an open switch? 

d. An SPST switch is rated at 10 A, 250 V. Should the switch be used 
to turn a 120-V, 1500-W heater on and orff? 


11-7 Fuses 


Many circuits have a fuse in series as a protection against an overload from a short 
circuit. Excessive current melts the fuse element, blowing the fuse and opening the 
series circuit. The purpose is to let the fuse blow before the components and wiring 
are damaged. The blown fuse can easily be replaced by a new one after the overload 
has been eliminated. A glass-cartridge fuse with holders is shown in Fig. 11-16. 
This is a type 3AG fuse with a diameter of 4 in. and length of 14 in. AG is an abbre- 
viation for “automobile glass,” since that was one of the first applications of fuses in 
a glass holder to make the wire link visible. Aluminum, tin-coated copper, or nickel 
are the types of metal typically used as the fuse element. The schematic symbol for 
a fuse is — \_s—, as shown in Fig. 11-184. 


Fuse Ratings 


Fuses have three important ratings or characteristics that need to be considered. 
These three ratings are its current rating, voltage rating, and blowing characteris- 
tics. These ratings apply to all fuses regardless of their size, shape, or style. The 
current rating specifies the maximum current the fuse can carry continuously with- 
out melting or burning open (blowing). The thinner the metal fuse element, the 
lower its current rating. The voltage rating specifies the maximum voltage a blown 
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Figure 11-16 (a) Glass-cartridge fuse. (b) Fuse holder. (c) Panel-mounted fuse holder. 


(a) (b) (c) 
(a—c): Cindy Schroeder/McGraw-Hill Education 


fuse can withstand without internal arcing across the open fuse element. And finally, 
the blowing characteristic indicates how rapidly the fuse blows or opens when the 
current in the fuse exceeds its rated value by some specified amount. There are three 
blowing characteristics: fast-acting, medium-acting, and slow-acting. (Slow-acting 
fuses are usually referred to as slow-blow fuses.) The blowing times of each type are 
compared in Fig. 11-17. Slow-blow fuses have a coiled construction and are 
designed to open only when there is a continued overload such as a short circuit. The 
purpose of the coiled construction is to prevent the fuse from blowing during a tem- 
porary current surge. Circuits with electric motors typically use slow-blow fuses 
because the initial starting current is much greater than when the motor is running 
at its normal speed. In most applications, however, fast-acting and medium-acting 
fuses are most common. 

Fuses are available with current ratings ranging anywhere from 1/500 A to sev- 
eral hundred amperes. Also, fuses are available in a wide range of voltage ratings. 
The wide variety of different ratings is necessary to meet the vast number of appli- 
cations in which they are used. The current and voltage ratings are typically listed 
somewhere on the fuse. 


Circuit Breakers 


A circuit breaker can be used in place of a fuse to protect circuit components and 
wiring against the high current caused by a short circuit. It is constructed of a thin 
bimetallic strip that expands with heat and in turn trips open the circuit. The advan- 
tage of a circuit breaker is that it can be reset once the bimetallic strip cools down 
and the short circuit has been removed. Because they can be reset, almost all new 


Figure 11-17 Chart showing percentage of rated current vs. blowing time for fuses. 
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Figure 11-18 When a fuse opens, the applied voltage is across the fuse terminals. (a) Circuit closed with good fuse. Note 
schematic symbol for any type of fuse. (b) Fuse open. Voltage readings are explained in the text. 


GOOD TO KNOW 


For safety reasons, it is always 
best to remove a fuse from the 
circuit before measuring its 


resistance with an ohmmeter. 


GOOD TO KNOW 


The resistance of a wire 
conductor is directly 
proportional to its length and 
inversely proportional to its 


cross-sectional area. 


Conductors and Insulators 


residential house wiring is protected by circuit breakers rather than fuses. The sche- 
matic symbol for a circuit breaker is often shown as (\ 


Testing Fuses 


In glass fuses, you can usually see whether the wire element inside is burned open. 
When measured with an ohmmeter, a good fuse has practically zero resistance. An 
open fuse reads infinite ohms. Power must be off or the fuse must be out of the cir- 
cuit to test a fuse with an ohmmeter. 

When you test with a voltmeter, a good fuse has zero volts across its two termi- 
nals (Fig. 11—18a). If you read appreciable voltage across the fuse, this means that 
it is open. In fact, the full applied voltage is across the open fuse in a series circuit, 
as shown in Fig. 11-185. This is why fuses also have a voltage rating, which gives 
the maximum voltage without arcing in the open fuse. 

Referring to Fig. 11—18, notice the results when measuring the voltages to ground 
at the two fuse terminals. In Fig. 11—18a, the voltage is the same 120 V at both ends 
because there is no voltage drop across the good fuse. In Fig. 11—18b, however, 
terminal B reads 0 V because this end is disconnected from V, by the open fuse. 
These tests apply to either DC or AC voltages. 
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Answers at the end of the chapter. 


a. How much is the resistance of a good fuse? 
b. How much is the JR voltage drop across a good fuse? 


11-8 Wire Resistance 


The longer a wire, the higher its resistance. More work must be done to make elec- 
trons drift from one end to the other. However, the greater the diameter of the wire, 
the less the resistance, since there are more free electrons in the cross-sectional area. 
As a formula, 
l 

R=pt (11-1) 
where R is the total resistance, / the length, A the cross-sectional area, and p the 
specific resistance or resistivity of the conductor. The factor p then enables the 
resistance of different materials to be compared according to their nature without 
regard to different lengths or areas. Higher values of p mean more resistance. Note 
that p is the Greek letter rho. 
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Specific Resistance 


Table 11-2 lists resistance values for different metals having the standard wire size 
of a 1-ft length with a cross-sectional area of 1 cmil. This rating is the specific 
resistance of the metal, in circular-mil ohms per foot. Since silver, copper, gold, and 
aluminum are the best conductors, they have the lowest values of specific resistance. 
Tungsten and iron have much higher resistance. 


Example 11-3 


How much is the resistance of 100 ft of No. 20 gage copper wire? 


ANSWER Note that from Table 11-1, the cross-sectional area for No. 20 
gage wire is 1022 cmil; from Table 11-2, the p for copper is 10.4. Using 
Formula (11-1) gives 


ae 
R= PX 
ay gcmil-Q. 100 ft 
= 04 et * 1022 cmil 
R=1.02Q 
Table 11-2 Properties of Conducting Materials* 
Specific 
Description Resistance ( p) at Temperature Melting 
Material and Symbol 20°C, cmil - Q/ft Coefficient per °C, œ Point, °C 
Aluminum Element (Al) V7 0.004 660 
Carbon Element (C) T —0.0003 3000 
Constantan Alloy, 55% 295 O (average) 1210 
Cu, 45% Ni 
Copper Element (Cu) 10.4 0.004 1083 
Gold Element (Au) 14 0.004 1063 
Iron Element (Fe) 58 0.006 1535 
Manganin Alloy, 84% 270 O (average) 910 
Cu, 12% Mn, 4% Ni 
Nichrome Alloy 65% Ni, 676 0.0002 1350 
23% Fe, 12% Cr 
Nickel Element (Ni) 52 0.005 1452 
Silver Element (Ag) 9.8 0.004 961 
Steel Alloy, 99.5% 100 0.003 1480 
Feroe 
Tungsten Element (W) 33.8 0.005 B70) 


* Listings approximate only, since precise values depend on exact composition of material. 
+ Carbon has about 2500 to 7500 times the resistance of copper. Graphite is a form of carbon. 
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All units cancel except the ohms for R. Note that 1.02 Q for 100 ft is approxi- 
mately one-tenth the resistance of 10.35 Q for 1000 ft of No. 20 copper wire listed 
in Table 11—1, showing that the resistance is proportional to length. Also note that a 
wire that is three gage sizes higher has half the circular area and double the resis- 
tance for the same wire length. 


Example 11-4 


How much is the resistance of a 100-ft length of No. 23 gage copper wire? 


ANSWER 
Spd 
R= PA 
_ aq, cmil:-Q. 100ft 
=e 00S cmil 
R=2.042 


Units of Ohm-Centimeters for p 


Except for wire conductors, specific resistances are usually compared for the stan- 
dard size of a 1-cm cube. Then p is specified in Q - cm for the unit cross-sectional 
area of 1 cm’. 

As an example, pure germanium has p = 55 Q » cm, as listed in Table 11-3. This 
value means that R is 55 Q for a cube with a cross-sectional area of 1 cm? and length 
of 1 cm. 

For other sizes, use Formula (11—1) with / in cm and A in cm’. Then all units of 
size cancel to give R in ohms. 


Example 11-5 


How much is the resistance of a slab of germanium 0.2 cm long with a cross- 
sectional area of 1 cm*? 


ANSWER 
l 
R=p7 
=55 Q+cemx 020m 
lcm 
R=11Q 


The same size slab of silicon would have R of 11,000 Q. Note from Table 11-3 
that p is 1000 times more for silicon than for germanium. 
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Table 11-3 Comparison of Resistivities 


Material p,Q>+cm, at 25°C Description 
Silver 11<s< 10°" Conductor 
Germanium 595 Semiconductor 
Silicon 55,000 Semiconductor 
Mica 20 Insulator 


Types of Resistance Wire 


For applications in heating elements, such as a toaster, an incandescent lightbulb, 
or a heater, it is necessary to use wire that has more resistance than good conduc- 
tors like silver, copper, or aluminum. Higher resistance is preferable so that the 
required amount of I?R power dissipated as heat in the wire can be obtained with- 
out excessive current. Typical materials for resistance wire are the elements tung- 
sten, nickel, or iron and alloys* such as manganin, Nichrome, and constantan. 
These types are generally called resistance wire because R is greater than that of 
copper wire for the same length. 
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Answers at the end of the chapter. 


a. Does Nichrome wire have less or more resistance than copper wire? 
b. For 100 ft of No. 14 gage copper wire, R is 0.26 Q. How much is R for 
1000 ft? 


11-9 Temperature Coefficient 
of Resistance 


This factor with the symbol alpha (œ) states how much the resistance changes for a 
change in temperature. A positive value for æ means that R increases with tempera- 
ture; with a negative a, R decreases; zero for œ means that R is constant. Some typical 
values of a for metals and for carbon are listed in Table 11-2 in the fourth column. 


Positive œ 


All metals in their pure form, such as copper and tungsten, have positive tempera- 
ture coefficients. The «œ for tungsten, for example, is 0.005. Although @ is not 
exactly constant, an increase in wire resistance caused by a rise in temperature can 
be calculated approximately from the formula 


R,=R,+R,(aAt) (11-2) 


where R, is the resistance at 20°C, R, is the higher resistance at the higher tempera- 
ture, and At is the temperature rise above 20°C. 


* An alloy is a fusion of elements without chemical action between them. Metals are commonly alloyed to alter 
their physical characteristics. 
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Example 11-6 


A tungsten wire has a 14-Q R at 20°C. Calculate its resistance at 120°C. 


ANSWER The temperature rise Ar here is 100°C; ais 0.005. Substituting in 
Formula (11-2), 


R, = 14 + 14(0.005 x 100) 
=14+7 
R,=212 


The added resistance of 7 Q increases the wire resistance by 50% because of the 
100°C rise in temperature. 


In practical terms, a positive œ means that heat increases R in wire conductors. 
Then / is reduced for a specified applied voltage. 


Negative a 


Note that carbon has a negative temperature coefficient. In general, wis negative for 
all semiconductors, including germanium and silicon. Also, all electrolyte solutions, 
such as sulfuric acid and water, have a negative a. 

A negative value of æ means less resistance at higher temperatures. The resis- 
tance of semiconductor diodes and transistors, therefore, can be reduced apprecia- 
bly when they become hot with normal load current. 


Zero æ 


This means that R is constant with changes in temperature. The metal alloys con- 
stantan and manganin, for example, have a value of zero for œ. They can be used for 
precision wire-wound resistors that do not change resistance when the temperature 
increases. 


Hot Resistance 


Because resistance wire is made of tungsten, Nichrome, iron, or nickel, there is usu- 
ally a big difference in the amount of resistance the wire has when hot in normal 
operation and when cold without its normal load current. The reason is that the 
resistance increases with higher temperatures, since these materials have a positive 
temperature coefficient, as shown in Table 11-2. 

As an example, the tungsten filament of a 100-W, 120-V incandescent bulb has a 
current of 0.833 A when the bulb lights with normal brilliance at its rated power, 
since Z = P/V. By Ohm’s law, the hot resistance is V/Z, or 120 V/0.833 A, which 
equals 144 Q. If, however, the filament resistance is measured with an ohmmeter 
when the bulb is not lit, the cold resistance is only about 10 Q. 

The Nichrome heater elements in appliances and the tungsten heaters in vacuum 
tubes also become several hundred degrees hotter in normal operation. In these 
cases, only the cold resistance can be measured with an ohmmeter. The hot resis- 
tance must be calculated from voltage and current measurements with the normal 
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GOOD TO KNOW 


A fluorescent light is a good 
example of an electric current in 


a gas. 
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value of load current. As a practical rule, the cold resistance is generally about one- 
tenth the hot resistance. In troubleshooting, however, the approach is usually just to 
check whether the heater element is open. Then it reads infinite ohms on the 
ohmmeter. 


Superconductivity 


The effect opposite to hot resistance occurs when cooling a metal down to very low 
temperatures to reduce its resistance. Near absolute zero, 0 K or —273°C, some met- 
als abruptly lose practically all their resistance. As an example, when cooled by 
liquid helium, the metal tin becomes superconductive at 3.7 K. Tremendous cur- 
rents can be produced, resulting in very strong electromagnetic fields. Such work at 
very low temperatures, near absolute zero, is called cryogenics. 

New types of ceramic materials have been developed and are stimulating great 
interest in superconductivity because they provide zero resistance at temperatures 
much above absolute zero. One type is a ceramic pellet, with a 1-in. diameter, that 
includes yttrium, barium, copper, and oxygen atoms. The superconductivity occurs 
at a temperature of 93 K, equal to —160°C. This value is still far below room tem- 
perature, but the cooling can be done with liquid nitrogen, which is much cheaper 
than liquid helium. As research continues, it is likely that new materials will be 
discovered that are superconductive at even higher temperatures. 
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Answers at the end of the chapter. 


Metal conductors have more R at higher temperatures. (True/False) 
Tungsten can be used for resistance wire. (True/False) 

c. A superconductive material has practically zero resistance. (True/ 
False) 


SP 


11-10 lon Current in Liquids and Gases 


We usually think of metal wire for a conductor, but there are other possibilities. 
Liquids such as saltwater or dilute sulfuric acid can also allow the movement of 
electric charges. For gases, consider the neon glow lamp, in which neon serves as a 
conductor. 

The mechanism may be different for conduction in metal wire, liquids, or 
gases, but in any case, the current is a motion of charges. Furthermore, either posi- 
tive or negative charges can be the carriers that provide electric current. The 
amount of current is Q/T. For one coulomb of charge per second, the current is 
one ampere. 

In solid materials such as metals, the atoms are not free to move among each 
other. Therefore, conduction of electricity must take place by the drift of free elec- 
trons. Each atom remains neutral, neither gaining nor losing charge, but the metals 
are good conductors because they have plenty of free electrons that can be forced to 
drift through the solid substance. 

In liquids and gases, however, each atom can move freely among all the other 
atoms because the substance is not solid. As a result, the atoms can easily take on 
electrons or lose electrons, particularly the valence electrons in the outside shell. 
The result is an atom that is no longer electrically neutral. Adding one or more elec- 
trons produces a negative charge; the loss of one or more electrons results in a posi- 
tive charge. The charged atoms are called ions. Such charged particles are commonly 
formed in liquids and gases. 
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Figure 11-19 Formation of ions. 

(a) Normal sodium (Na) atom. (b) Positively 
charged ion indicated as Nat, missing one 
free electron. 
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The lon 


An ion is an atom, or group of atoms, that has a net electric charge, either positive 
or negative, resulting from a loss or gain of electrons. In Fig. 11—19a, the sodium 
atom is neutral, with 11 positive charges in the nucleus balanced by 11 electrons in 
the outside shells. This atom has only one electron in the shell farthest from the 
nucleus. When the sodium is in solution, this one electron can easily leave the atom. 
The reason may be another atom close by that needs one electron to have a stable 
ring of eight electrons in its outside shell. Notice that if the sodium atom loses one 
valence electron, the atom will still have an outside ring of eight electrons, as shown 
in Fig. 11—-19b. This sodium atom now is a positive ion, with a charge equal to one 
proton. 


Current of lons 


Just as in electron flow, opposite ion charges are attracted to each other, and like 
charges repel. The resultant motion of ions provides electric current. In liquids and 
gases, therefore, conduction of electricity results mainly from the movement of ions. 
This motion of ion charges is called ionization current. Since an ion includes the 
nucleus of the atom, the ion charge is much heavier than an electron charge and 
moves with less velocity. We can say that ion charges are less mobile than electron 
charges. 

The direction of ionization current can be the same as that of electron flow or the 
opposite. When negative ions move, they are attracted to the positive terminal of an 
applied voltage in the same direction as electron flow. However, when positive ions 
move, this ionization current is in the opposite direction, toward the negative termi- 
nal of an applied voltage. 

For either direction, though, the amount of ionization current is determined by 
the rate at which the charge moves. If 3 C of positive ion charges move past a given 
point per second, the current is 3 A, the same as 3 C of negative ions or 3 C of elec- 
tron charges. 


lonization in Liquids 


Ions are usually formed in liquids when salts or acids are dissolved in water. Salt- 
water is a good conductor because of ionization, but pure distilled water is an insu- 
lator. In addition, some metals immersed in acids or alkaline solutions ionize. 
Liquids that are good conductors because of ionization are called electrolytes. In 
general, electrolytes have a negative value of œ, as more ionization at higher tem- 
peratures lowers the resistance. 


lonization in Gases 


Gases have a minimum striking or ionization potential, which is the lowest applied 
voltage that will ionize the gas. Before ionization, the gas is an insulator, but the 
ionization current makes the ionized gas have a low resistance. An ionized gas usu- 
ally glows. Argon, for instance, emits blue light when the gas is ionized. Ionized 
neon gas glows red. The amount of voltage needed to reach the striking potential 
varies with different gases and depends on the gas pressure. For example, a neon 
glow lamp for use as a night light ionizes at approximately 70 V. 


lonic Bonds 


The sodium ion in Fig. 1 1—19b has a charge of 1+ because it is missing one electron. 
If such positive ions are placed near negative ions with a charge of I-, there will be 
an electrical attraction to form an ionic bond. 
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Figure 11-20 _ lonic bond between atoms of sodium (Na) and chlorine (Cl) to form a molecule of sodium chloride (NaCI). 
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molecule 


A common example is the combination of sodium (Na) ions and chlorine (Cl) 
ions to form table salt (NaCl), as shown in Fig. 11-20. Notice that the one outer 
electron of the Na atom can fit into the seven-electron shell of the Cl atom. When 
these two elements are combined, the Na atom gives up one electron to form a posi- 
tive ion, with a stable L shell having eight electrons; also, the Cl atom adds this one 
electron to form a negative ion, with a stable M shell having eight electrons. The two 
opposite types of ions are bound in NaCl because of the strong attractive force 
between opposite charges close together. 

The ions in NaCl can separate in water to make saltwater a conductor of electric- 
ity; pure water is not a conductor of electricity. When current flows in saltwater, 
then, the moving charges must be ions, another example of ionization current. 
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Answers at the end of the chapter. 


a. How much is / for 2 C/s of positive ion charges? 

b. Which have the greatest mobility: positive ions, negative ions, or 
electrons? 

c. A dielectric material is a good conductor of electricity. (True/False) 


11-11 Insulators 


Substances that have very high resistance, of the order of many megohms, are clas- 
sified as insulators. With such high resistance, an insulator cannot conduct appre- 
ciable current when voltage is applied. As a result, insulators can have either of two 
functions. One is to isolate conductors to eliminate conduction between them. The 
other is to store an electric charge when voltage is applied. 

An insulator maintains its charge because electrons cannot flow to neutralize the 
charge. The insulators are commonly called dielectric materials, which means that 
they can store a charge. 

Among the best insulators, or dielectrics, are air, vacuum, rubber, wax, shellac, 
glass, mica, porcelain, oil, dry paper, textile fibers, and plastics such as Bakelite, 
Formica, and polystyrene. Pure water is a good insulator, but saltwater is not. Moist 
earth is a fairly good conductor, and dry, sandy earth is an insulator. 

For any insulator, a high enough voltage can be applied to break down the 
internal structure of the material, forcing it to fail. This dielectric breakdown 
usually produces an arc. The intense heat of an electric arc, across the surface 
(tracking) or “through” an insulator (puncture), can permanently change the 
physical structure of the material, lowering its resistance and rendering it 
useless as an insulator. Table 11-4 compares several insulators in terms of 
dielectric strength, which is the voltage breakdown rating. The higher 
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Table 11-4 | Voltage Breakdown of Insulators 


Dielectric Dielectric 

Strength, Strength, 
Material V/mil Material V/mil 
Air or vacuum 20 Paraffin wax 200-300 
Bakelite 300-550 Phenol, molded 300-700 
Fiber 150-180 Polystyrene 500-760 
Glass 335-2000 Porcelain 40-150 
Mica 600-1500 Rubber, hard 450 
Paper 1250 Shellac 900 
Paraffin oil 380 


the dielectric strength, the better the insulator, since it is less likely to break down at 
a high value of applied voltage. The breakdown voltages in Table 1 1—4 are approxi- 
mate values for the standard thickness of 1 mil, or 0.001 in. More thickness allows 
a higher breakdown-voltage rating. Note that the value of 20 V/mil for air or vacuum 
is the same as 20 kV/in. 


Insulator Discharge Current 


An insulator in contact with a voltage source stores charge, producing a potential on 
the insulator. The charge tends to remain on the insulator, but it can be discharged 
by one of the following methods: 


1. Conduction through a conducting path. For instance, a wire across the 
charged insulator provides a discharge path. Then the discharged 
dielectric has no potential. 

2. Brush discharge. As an example, high voltage on a sharp pointed wire 
can discharge through the surrounding atmosphere by ionization of the 
air molecules. This may be visible in the dark as a bluish or reddish glow, 
called the corona effect. 

3. Spark discharge. This is a result of breakdown in the insulator because of a 
high potential difference that ruptures the dielectric. The current that flows 
across the insulator at the instant of breakdown causes the spark. 


A corona is undesirable because it reduces the potential by brush discharge into 
the surrounding air. In addition, the corona often indicates the beginning of a spark 
discharge. A potential of the order of kilovolts is usually necessary for a corona 
because the breakdown voltage for air is approximately 20 kV/in. To reduce the 
corona effect, conductors that have high voltage should be smooth, rounded, and 
thick. This equalizes the potential difference from all the points on the conductor to 
the surrounding air. Any sharp point can have a more intense field, making it more 
susceptible to a corona and eventual spark discharge. 
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Answers at the end of the chapter. 


a. Which has a higher voltage breakdown rating, air or mica? 
b. Can 30 kV arc across an air gap of 1 in.? 
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GOOD TO KNOW 


A mechanical switch can wear 
out by being opened and closed 
too many times. In most cases, a 
manufacturer will specify the 
number of times a switch can be 
opened or closed before wearing 


out. 
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11-12 Troubleshooting Hints for Wires 
and Connectors 


For all types of electronic equipment, a common problem is an open circuit in the 
wire conductors, the connectors, and the switch contacts. 

You can check continuity of conductors, both wires and printed wiring, with an 
ohmmeter. A good conductor reads 0 Q for continuity. An open reads infinite ohms. 

A connector can also be checked for continuity between the wire and the connec- 
tor itself. Also, the connector may be tarnished, oxide coated, or rusted. Then it must 
be cleaned with either fine sandpaper or emery cloth. Sometimes, it helps just to pull 
out the plug and reinsert it to make sure of tight connections. 

With a plug connector for cable, make sure the wires have continuity to the plug. 
Except for the F-type connector, most plugs require careful soldering to the center 
pin. 

A switch with dirty or pitted contacts can produce intermittent operation. In most 
cases, the switch cannot be dissassembled for cleaning. Therefore, the switch must 
be replaced with a new one. 
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Answers at the end of the chapter. 


a. Printed wiring cannot be checked for continuity with an ohmmeter. 
(True/False) 

b. A tarnished or rusty connection has higher-than-normal resistance. 
(True/False) 
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Application of Standard Wire Gauge Sizes 


n any electrical wire installation, such as residential house 
wiring, using the proper size (gauge) wire is critical. The required 
gauge of wire will depend on several factors which includes; the 
type of wire, the required length of the wire, the maximum 
current carried by the wire and the maximum allowable voltage 
drop across the wire. There are other factors to consider but 


they are of lesser importance and therefore not listed here. One 
very important wire rating to consider is its ampacity rating. The 
ampacity rating is the amount of current the wire can safely 
carry without becoming too hot. The /?R power dissipation in the 


wire produces heat and if the power dissipation becomes 
excessive, the wire can get too hot and cause a fire. Table 11-5 
lists several examples of the different gauges of wire used for 
the devices and appliances found in our homes. It should be 
noted that Table 11—5 is for copper (Cu) wire only. Notice that 
Table 11—5 lists the wires use or application first, followed by the 
typical wire size (gauge number) used for that application. At the 
far right, the ampacity rating is listed for each of the different 
gauge wires. This table provides only a general guideline and is 
in no way intended to reflect all of the criteria 
considering wire size. 


isted above in 


NONMETALLIC-SHEATHED CABLE 
COLOR CODING SCHEME 


Nonmetallic-sheathed cable (NM) is a type of covered electrical 
wire consisting of at least two insulated conductors and one 
bare conductor. This is the type of cable used for indoor 
residential house wiring. The outer sheath, or jacket, surrounds 
and protects the inner wire conductors and is made of a 
moisture-resistant, flame retardant, non metallic material. The 
most common type of indoor residential wiring is NM-B cable. 
The letter B (after NM) indicates an insulation heat rating of 
194° Fahrenheit. This rating ensures that the wire conductors 


Table 11-5 


Wire use 


Light Fixtures, Lamps, Lighting Runs and 120 V Receptacles 
Kitchen Appliances, 120 V Air Conditioners, Sump Pumps, 


Some 120 V Receptacles 


240 V Electric clothes dryers, Air Conditioners, Electric 


Water Heaters 
Cook top Stoves 
Electric Furnaces, Large Electric Heaters 


Electric Furnaces, Large Electric Water Heaters and 
Sub Panels 


Service Panels, Sub Panels 
Service Entrance Panel 


Service Entrance Panel 


Note: Number 6 gauge wire and larger (no. 4, no. 2, etc.) is always made of stranded wire. 


Conductors and Insulators 


can operate at certain levels without overheating and thus 
melting the insulation surrounding the conductors. Overheating 
and melting the insulation could cause a fire and thus create a 
safety hazard. Most NM-B cable, made after 2001, is sheathed 
using different colors. The color of the outer sheath indicates the 
gauge number of the wires enclosed within the sheath. The four 
colors of NM-B cable used for indoor residential house wiring 
are; white, yellow, orange, and black. The different sheath colors 
and there corresponding wire gauge sizes are: 


White — 14 gauge wire 
Yellow — 12 gauge wire 
Orange — 10 gauge wire 


Black — 8 gauge wire and larger 


It is important to note that the wire sizing guidelines specified 
in Table 11-5 are for NM-B cable, which is the type used for 
indoor residential wiring. 

The color gray is also used in conjunction with residential 
electrical wiring but the letters UF-B rather than NM-B appear 
on the outer sheath. The letters UF stand for “Underground 
Feeder” indicating the cable can safely be buried underground. 
However, the color gray in no way indicates the gauge size of the 
wire conductors. Gray sheathed UF-B cable is available in a 
variety of different gauge sizes. The gray sheath is much different 
than the other colored sheaths, however, because it’s actually 
molded around each conductor individually rather than just 
being a single sheath covering all of the conductors. This molded 
encasement protects and separates each wire within the sheath 


and prevents moisture and other external elements from 
corroding and deteriorating the wire conductors. 


O 


Having knowledge of the color coding scheme allows us t 
determine, at a glance, the gauge number of an NM-B cable. 


Electrical Wire Sizing Guidelines for NM-B Cable 


Wire Size Rated Ampacity 
14 Gauge 15 Amperes 
12 Gauge 20 Amperes 
10 Gauge 30 Amperes 
8 Gauge 45 Amperes 
6 Gauge 60 Amperes 
4 Gauge 80 Amperes 
2 Gauge 100 Amperes 
1/0 Gauge 150 Amperes 
2/0 Gauge 200 Amperes 
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However, NM-B cable sold before 2001 may not use the color 
coding scheme described above. Therefore, always check the 
labeling printed on the outer sheath or jacket to be absolutely 
sure of the wires gauge size. 


NM-B/UF-B SHEATHED CABLE 
OUTER JACKET LABELING 


The labeling on the outer sheath or jacket of an NM-B or UF-B 
cable provides us with important information about the insulated 
wires concealed within the sheath. It tells us how many insulated 
conductors there are, the gauge of the wire, the type of insulation 
and the voltage rating of the cable. Figure 11-21a shows a white 
sheathed NM-B cable. The labeling on the outer sheath provides 
the following information; “Type NM-B, 14-2 with ground, 
600 V”. The letters “NM-B” tell us that this wire is suitable for 
indoor residential house wiring. Also,” 14-2 with ground” tells us 


there are two insulated 14 gauge wires (black and white) plus 
one bare ground wire. The 600 V marking indicates the voltage 
rating of the cable. Figure 11-215 shows a yellow sheathed 
NM-B cable with the labeling “Type NM-B, 12-3 with ground, 
600 V”. Again, the letters “NM-B?” tell us that this wire is suitable 
for indoor residential house wiring. Also “12-3 with ground” tell 
us that within the yellow sheath there are three insulated 12 
gauge wires (black, red and white) plus one bare ground wire. The 
600 V marking indicates the voltage rating of the cable. Notice 
that the white-colored sheath in Fig. 11-21a contains 14 gauge 
wires, whereas the yellow colored sheath in Fig. 11-21b contains 
12 gauge wires. Figure 11-22c shows a gray UF-B cable with the 
markings 14-3, indicating it has three insulated conductors 


(black, red, and white) plus one bare ground wire. 


MISCELLANEOUS APPLICATIONS OF 
INSULATED ELECTRICAL WIRE 


The use of extension cords is commonplace in our homes, 
schools, businesses and industries. They are necessary when 
the power cord of an electrical device is not long enough to 
reach the nearest 120 V,- outlet. Extension cords are made of 
stranded copper wire and come in a variety of different lengths 
and gauge sizes. The length and gauge size of an extension cord 
must be suitable for the application in which it is being used. If 
the extension cord is too long, or not of the appropriate gauge 
size, it can result in excessive voltage being dropped across the 
wire conductors. For example, when using extension cords in 
conjunction with power tools, be sure to select an extension 
cord with the proper gauge size wires. If the gauge size of the 
wire conductors is inadequate or if the extension cord is too 
long, it could result in either less than optimal performance of 
the power tool or the power tool not operating at all. The gauge 
size of an extension cord should have a current rating that 
equals or exceeds the current drawn by the load connected to it. 
Most extension cords available on the market today have both a 
current and a power (wattage) rating. The wattage rating 
indicates the highest wattage load that can be connected to the 
extension cord. When extension cords are connected together 
to extend the overall length, the current and power ratings of 
each individual extension cord no longer apply. This is because 
the total resistance of the wire conductors increases with length. 
In other words, the current and power ratings decrease when 
two or more extension cords are connected together. One more 
point. Extension cords are designed for either indoor or outdoor 
use. Extension cords designed for outdoor use have a heavier 
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Figure 11-21 
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duty insulation jacket as compared to those designed for indoor 
use only. Although outdoor extension cords can always be used 
indoors, indoor extension cords should never be used outdoors! 
Also, never use an extension cord whose insulation is damaged 
or compromised. Exposed strands of copper wire present a 
safety hazard to those working in and around the area where the 
extension cord is being used. 

Speaker wire is generally made of 16 or 18 gauge stranded 
copper wire. However, 12 or 14 gauge stranded wire is often 
required in home entertainment systems due to the high amount 
of power being delivered to the speakers. Holiday lights typically 
use number 22 gauge stranded copper wire. This is more than 
adequate because the amount of current carried by these 
conductors is typically less than three amperes. 
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Summary 


A conductor has very low 
resistance. All metals are good 
conductors; the best are silver, 
copper, and aluminum. Copper is 
generally used for wire conductors 
due to its lower cost. 


The sizes for copper wire are 
specified by the American Wire 
Gage. Higher gage numbers mean 
thinner wire. Typical sizes are No. 
22 gage hookup wire for electronic 
circuits and No. 12 and No. 14 for 
house wiring. 


The cross-sectional area of round 
wire is measured in circular mils. 
One mil is 0.001 in. The area in 
circular mils equals the diameter in 
mils squared. 


The resistance R of a conductor can 
be found using the formula 
R= p(//A), where pis the specific 


Important Terms 


Circuit breaker — a device used to 
protect the components and wiring in 


tis constructed of a thin bimetallic 
strip that expands with heat and in 
turn trips open the circuit. The circuit 
breaker can be reset after the 
bimetallic strip cools down and the 
short circuit is removed. 


Circular mil (cmil) — a unit that specifies 


1 cmil is the cross-sectional area of a 
wire with a diameter, d, of 1 mil, where 
1 mil = 0.001 in. For round wire the 
cmil area is equal to the square of the 
diameter, d, in mils. 


Corona effect — a visible blue or red 
glow caused by ionization of the air 
molecules when the high voltage on a 
sharp, pointed wire discharges into 
the atmosphere. 


Dielectric material — another name 
used in conjunction with insulating 
materials. An insulator is commonly 


Related Formulas 


l 
R=P7 
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a circuit in the event of a short circuit. 


the cross-sectional area of round wire. 


resistance, /is the length of the 
conductor, and A is the cross- 
sectional area of the conductor. 
Wire resistance increases directly 
with length /, but decreases inversely 
with cross-sectional area A. 
The voltage drop across a closed 


switch in a series circuit is zero 
ts. When open, the switch has 


vo 
the applied voltage across it. 
A fuse protects circuit components 


and wiring against overload; 
excessive current melts the fuse 


element to open the entire series 
circuit. A good fuse has very low 
resistance and practically zero 
voltage across it. 


lonization in liquids and gases 
produces atoms that are not 
electrically neutral. These are ions. 
Negative ions have an excess of 


referred to as a dielectric because it 
can hold or store an electric charge. 


Fuse — a device used to protect the 


components and wiring in a circuit in 
the event of a short circuit. The fuse 
element is made of either aluminum, 
tin-coated copper, or nickel. Excessive 
current melts the fuse element which 
blows the fuse. 


lonization current — a current from the 


movement of ion charges in a liquid or 
gas. 


Pole — the number of completely 


isolated circuits that can be 
controlled by a switch. 


Slow-blow fuse — a type of fuse that can 


handle a temporary surge current that 
exceeds the current rating of the fuse. 
This type of fuse has an element with 
a coiled construction and is designed 
to open only on a continued overload 
such as a short circuit. 


Specific resistance — the resistance of a 


metal conductor whose cross-sectional 


R. = Ro + Roa) 


electrons; positive ions have a 
deficiency of electrons. In liquids 
and gases, electric current is a 
result of the movement of ions. 


The resistance of pure metals 
increases with temperature. For 
semiconductors and liquid 
electrolytes, resistance decreases 
at higher temperatures. 


An insulator has very high resistance. 
Common insulating materials are air, 
vacuum, rubber, paper, glass, 
porcelain, shellac, and plastics. 


Insulators are also called dielectrics. 


Superconductors have practically 
no resistance. 


Common circuit troubles are an 
open in wire conductors; dirty 
contacts in switches; and dirt, 
oxides, and corrosion on connectors 
and terminals. 


area is 1 cmil and whose length is 1 ft. 
The specific resistance, designated p, is 
specified in cmil + Q/ft. 


Switch — a component that controls 


whether the current is on or off in a 
circuit. 


Temperature coefficient — a factor that 


indicates how much the resistance of 
a material changes with temperature. 
A positive temperature coefficient 
means that the resistance increases 
with temperature, whereas a negative 
temperature coefficient means that 
the resistance decreases with 
temperature. 


Throw — the number of closed contact 


positions that exist per pole on a switch. 


Wire gage — a number assigned to a 


specific size of round wire in terms of 
its diameter and cross-sectional area. 
The American Wire Gage (AWG) 
system provides a table of all wire 
sizes that includes the gage size, the 
diameter, d, in mils and the area, A, in 
circular mils (cmils). 
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Self-Test 


Answers at the back of the book. 


1. Aclosed switch has a resistance of 


approximately 
a. infinity. 
b. zero ohms. 


c. 1 MQ. 


d. none of the above. 


2. An open fuse has a resistance that 


approaches 
a. infinity. 

b. zero ohms. 
c. 1to2 Q. 


d. none of the above. 


3. How many connecting terminals 
does an SPDT switch have? 


a. 2. 
b.6. 
ce. 3, 
d. 4. 


4. The voltage drop across a closed 
switch equals 


a. the applied voltage. 
b. zero volts. 
c. infinity. 


d. none of the above. 


5. For round wire, as the gage 
numbers increase from 1 to 


40 


a. the diameter and circular area 
ncrease. 


b. the wire resistance decreases for a 


specific length and type. 


c. the diameter increases but the 


6. The circular area of round wire, 


9. The current rating of a switch 
corresponds to the maximum 
current the switch can safely handle 


10. 


doubles for 
a. every 2 gage sizes. 


b. every 3 gage sizes. 


c. each successive gage size. 


d. every 10 gage sizes. 


11.How many completely isolated 
circuits can be controlled by a 
DPST switch? 


ae 
B2 
c. 3. 
d. 4. 


. Which has more resistance, a 100-ft 


length of No. 12 gage copper wireor = 12.Which of the following metals is the 


a 100-ft length of No. 12 gage 


aluminum wire? 


best conductor of electricity? 


a. steel. 
a. The 100-ft length of No. 12 gage iy alumiaunis 
aluminum wire. . 
as c. silver. 
b. The 100-ft length of No. 12 gage d. oold 
copper wire. “Gold: 
Cc. They both have exactly the same 13. What is the area in circular mils 
resistance. (cmils) of a wire whose diameter, d, 
d. It cannot be determined. is 0.01 in.? 
: a. 0.001 cmil. 
. In their pure form, all metals have a . 
b. 10 cmil. 
a. negative temperature coefficient. ; 
mn ‘ ial c 1 cmil. 
. temperature coefficient of zero. d. 100 cmil, 


c. positive temperature coefficient. 


d. very high resistance. 


when it is 


a. open. 


b. either open or closed. 


c. closed. 


d. none of the above. 


How much is the resistance of a 
2000-ft length of No. 20 gage 


aluminum wire? 
a. less than 1 Q. 


circular area remains constant. b. 20.35 Q. 
d. the diameter and circular area c. 3.33 kQ. 
decrease. d. 33.27 Q. 
Essay Questions 
1. ame three good metal conductors in order of lowest to 6. 
highest resistance. Describe at least one application. 
2 ame four insulators. Give one application. 
Te 
3 ame two semiconductors. 
8. 
4. ame two types of resistance wire. Give one application. 
5. What is meant by the “dielectric strength of an 9. 
insulator”? 
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14. The term pole as it relates to 
switches is defined as 


a. the number of completely isolated 
circuits that can be controlled by 
the switch. 


b. the number of closed contact 
positions that the switch has. 


c. the number of connecting 
terminals the switch has. 


d. none of the above. 


15. The motion of ion charges in a liquid 
or gas is called 


a. the corona effect. 
b. hole flow. 
c. superconductivity. 


d. ionization current. 


Why does ionization occur more readily in liquids and 
gases, compared with solid metals? Give an example of 
ionization current. 


Define the following: ion, ionic bond, and electrolyte. 


Draw a circuit with two bulbs, a battery, and an SPDT 
switch that determines which bulb lights. 


Why is it not possible to measure the hot resistance of a 
filament with an ohmmeter? 
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10. Give one way in which negative ion charges are similar to 
electron charges and one way in which they are different. 


11. Define the following abbreviations for switches: SPST, 
SPDT, DPST, DPDT, NO, and NC. 


Problems 


SECTION 11-1 FUNCTION OF THE CONDUCTOR 


11-1 In Fig. 11-22, an 8-Q heater is connected to the 
120-V,- power line by two 50-ft lengths of copper wire. 
If each 50-ft length of wire has a resistance of 0.08 Q, 
then calculate the following: 


a. The total length of copper wire that connects the 
8-Q heater to the 120-V,. power line. 


b. The total resistance, R}, of the circuit. 
The current, /, in the circuit. 
The voltage drop across each 50-ft length of copper wire. 


The voltage across the 8-Q heater. 


hoan 


The /?R power loss in each 50-ft length of copper 
wire. 


g. The power dissipated by the 8-Q heater. 


h. The total power, P}, supplied to the circuit by the 
20-V,c power line. 


i. The percentage of the total power, P}, dissipated by 
the 8-Q heater. 


Figure 11-22 


50-ft 
K copper wire >| 


120 Vac 


8-Q 
heater 


11-2 In Fig. 11—22, recalculate the values in steps a through 
iin Prob. 11-1 if the 8-Q heater is replaced with a 
24-Q fan. 


SECTION 11-2 STANDARD WIRE GAGE SIZES 


11-3 Determine the area in circular mils for a wire if its 
diameter, d, equals 


a. 0.005 in. 
. 0.021 in. 
. 0.032 in. 
. 0.05 in. 
0.1 in. 
0.2 in. 


o 


= 0 a A 


11-4 What is the approximate AWG size of a wire whose 
diameter, d, equals 0.072 in.? 


Conductors and Insulators 


12. Give two common circuit troubles with conductors and 
connector plugs. 


11-5 Using Table 11-1, determine the resistance of a 1000- 
ft length of copper wire for the following gage sizes: 


a. No. 10 gage. 
b. No. 13 gage. 
c. No. 16 gage. 
d. No. 24 gage. 


11-6 Which would you expect to have more resistance, 
a 1000-ft length of No. 14 gage copper wire or a 
1000-ft length of No. 12 gage copper wire? 


11-7 Which would you expect to have more resistance, a 
1000-ft length of No. 23 gage copper wire or a 100-ft 
length of No. 23 gage copper wire? 


SECTION 11-3 TYPES OF WIRE CONDUCTORS 


11-8 A stranded wire consists of 41 strands of No. 30 gage 
copper wire. What is its equivalent gage size in solid 
wire? 


11-9 If an extension cord is made up of 65 strands of No. 28 
gage copper wire, what is its equivalent gage size in 
solid wire? 


11-10 How many strands of No. 36 gage wire does it take to 
make a stranded wire whose equivalent gage size is 
No. 162 


11-11 What is the gage size of the individual strands in a 
o. 10 gage stranded wire if there are eight 
strands? 


SECTION 11-6 SWITCHES 
11-12 With the switch, S}, closed in Fig. 11-23, 


a. How much is the voltage across the switch? 


b. How much is the voltage across the lamp? 
c. Will the lamp light? 


d. What is the current, /, in the circuit based on the 
specifications of the lamp? 


Figure 11-23 


6.3 V, 
150 mA 
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11-13 With 


c. W 
d. W 


sp 


11-14 Draw 


the switch, S}, open in Fig. 11-23, 


ow much is the voltage across the switch? 


a 
b. How much is the voltage across the lamp? 


ill the lamp light? 


hat is the current, /, in the circuit based on the 
ecifications of the lamp? 


a schematic diagram showing how an SPDT 


11-20 How much is the resistance of a slab of silicon 0.1 cm 
long with a cross-sectional area of 1 cm?? 


11-21 What is the resistance for each conductor of a 50-ft 


extension cord made of 


11-22 A 100-ft extension cord 
for each of its conducto 
to connect a 10-A load 
much voltage is availab 


No. 14 gage copper wire? 


uses No. 14 gage copper wire 

rs. If the extension cord is used 
to the 120-V,. power line, how 

e at the load? 


switch can be used to supply a resistive heating 
element with either 6 V or 12 V. 


11-15 Draw a schematic diagram showing how a DPDT 
switch can be used to 


a. allow a stereo receiver to switch between two 
different speakers. 


b. reverse the polarity of voltage across a DC motor 
to reverse its direction. 


11-16 An SPST switch is rated at 10 A/250 V. Can this switch 
be used to control a 120-V, 1000-W appliance? 


SECTION 11-8 WIRE RESISTANCE 

11-17 Calculate the resistance of the following conductors: 
a. 250 ft of 
b. 250 ft of 
c. 250 ft of 


No. 20 gage copper wire. 
No. 20 gage aluminum wire. 


No. 20 gage steel wire. 


11-18 Calculate the resistance of the following conductors: 
a. 100 ft of No. 14 
b. 200 ft of No. 14 


age copper wire. 


age copper wire. 


11-19 Calculate the resistance of the following conductors: 
a. 100 ft of 
b. 100 ft of 


No. 15 gage copper wire. 


o. 18 gage copper wire. 


Critical Thinking 


11-31 Use two switches having the appropriate number of 
poles and throws to build a partial decade resistance 
box. The resistance is to be adjustable in 1-Q and 
10-Q steps from O to 99 Q across two terminals 
identified as A and B. Draw the circuit showing all 
resistance values and switch connections. 


Answers to Self-Reviews 11-1 


11-23 What is the smallest gage size copper wire that will 
limit the conductor voltage drop to 5 V when 120 Va. 
is supplied to a 6-A load? The total line length of both 
conductors is 200 ft. 


SECTION 11-9 TEMPERATURE COEFFICIENT OF 
RESISTANCE 


11-24 A tungsten wire has a resistance, R, of 20 Q at 20°C. 
Calculate its resistance at 70°C. 


11-25 Asteel wire has a resistance of 10 Q at 20°C. 
Calculate its resistance at 100°C. 


11-26 A nickel wire has a resistance of 150 Q at 20°C. 
Calculate its resistance at 250°C. 


11-27 An aluminum wire has a resistance of 100 Q at 20°C. 
Calculate its resistance at 120°C. 


11-28 The resistance of a Nichrome wire is 1 kQ at 20°C. 
Calculate its resistance at 220°C. 


11-29 The resistance of a steel wire is 10 Q at 20°C. How 
much is its resistance at —30°C? 


11-30 A No. 14 gage aluminum wire has 8.4 Q of resistance 
at —20°C. What is its resistance at 50°C? 


11-32 Show how two SPDT switches can be wired to turn on 
and orf a light from two different locations. The 
voltage source is a 12-V battery. 


a. 0.08 Q 11-4 a. true 
b. 0.07 V approx. b. true 
c. 0.06% approx. c. false 
11-2 a. 0.01646Q 11-5 a. 25W 
b. 625 cmil b. infinite ohms 
c. No. 16 
11-6 a. zero 
11-3 a. true b. three 
b. true c. infinite 
c. true d. no 
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11-7 a. zero 
b. zero 


11-8 a. more 
b. 26 Q 


11-9 a. true 
b. true 
c. true 


Laboratory Application Assignment 


In this lab application assignment, you will learn how mechanical 
switches can be used to control or change the voltage and 
current in a circuit. This lab application assignment is different 
from the others in that you will not be given any schematic 
diagrams. It is up to you to draw the circuit diagram with the 
proper circuit connections based on the criteria specified. 


Equipment: Obtain the following components from your 
instructor. 

+ Dual-output variable dc power supply 

* Two 12-V incandescent lamps 

* SPST, SPDT, and DPDT switches 

* DMM 

* 24Vpc motor 


Switching Circuits 


1. In the space provided below, or on a separate sheet of 
paper, draw a schematic diagram showing how to use an 
SPDT switch to connect a 12-V incandescent lamp to either 
a 6-V or 12-V power supply. The brilliance of the bulb will be 
either dim or bright depending on the position of the switch. 
Build the circuit you have drawn, and verify that it functions 
properly. Have an instructor check your circuit. 


2. In the space provided below, or on a separate sheet of paper, 
draw a schematic diagram showing how to use a DPDT 
switch to connect two 12-V incandescent lamps either in 


series or in parallel with a 12-Vpc power supply. The series or 
parallel connections must be controlled by the position of 
the switch. For one position, the 12-V incandescent lamps 
must be in series with the DC power supply. In this position, 
the lamps will be dim because each bulb will receive only 6 V. 
In the other position, the lamps must be in parallel with the 
DC power supply. In this position the bulbs will be much 
brighter because the full 12 V is across each bulb. Build the 


Design credit Multisim: ©Stockbyte/Getty Images 


Conductors and Insulators 


11-10 a. 2A 
b. electrons 
c. false 


11-11 a. mica 
b. yes 


11-12 a. false 
b. true 


circuit you have drawn, and verify that it functions properly. 
Have an instructor check your circuit. 


3. With the switches and DC voltage sources shown in 
Fig. 11-24, draw a schematic diagram that will control 
both the speed and direction of a 24-V,. motor. Use the 
SPST switch to control whether the motor is on or off. 


The speed of the motor should be controlled using the 
SPDT switch and have two settings, low and high. (The 
speed is determined by which voltage source is applied to 
the motor.) The direction of rotation is determined by the 
polarity of the voltage across the motor and should be 
controlled using the DPDT switch. When you have 


completed drawing the schematic diagram, construct the 


circuit and demonstrate its operation to an instructor. 


eo 
| 


Figure 11-24 


SRST 


o—o 
— er o—o 24-Vpc motor 
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Batteries 


battery is a group of cells that generate energy from an internal chemical 

reaction. The cell itself consists of two different conducting materials as the 
electrodes that are immersed in an electrolyte. The chemical reaction between the 
electrodes and the electrolyte results in a separation of electric charges as ions and 
free electrons. Then the two electrodes have a difference of potential that provides a 
voltage output from the cell. 


The main types are the alkaline cell with an output of 1.5 V and the lead-sulfuric acid 
wet cell with 2.1 V for its output. A common battery is the 9-V flat battery. It has six 
cells connected in series internally for an output of 6 x 1.5 = 9 V. Batteries are used 
to power many different types of portable electronic equipment. 


The lead—sulfuric acid cell is the type used in most automobiles. Six cells are 
connected in series internally for a 12-V output. 


A battery provides a source of steady DC voltage of fixed polarity and is a good 
example of a generator or energy source. The battery supplies voltage to a circuit as 
the load to produce the desired load current. An important factor is the internal 
resistance, r, of the source, which affects the output voltage when a load is 
connected. A low r, means that the source can maintain a constant output voltage for 
different values of load current. For the opposite case, a high r, makes the output 


voltage drop, but a constant value of load current can be maintained. E 


OH Chapter outline 


Introduction to Batteries 12-7 
The Voltaic Cell 

Common Types of Primary Cells Le 
Lead-Acid Wet Cell 1 
Additional Types of Secondary Cells 12-10 


Series-Connected and Parallel- 
Connected Cells 


Current Drain Depends on Load 
Resistance 


Internal Resistance of a Generator 


Constant-Voltage and Constant- 
Current Sources 


Matching a Load Resistance to the 
Generator r, 


After studying this chapter, you should be able to 


m Explain the difference between primary and a 
secondary cells. 


Œ Define what is meant by the internal resistance E 
ofa cell. 
Æ List several different types of voltaic cells. E 


m Explain how cells can be connected to 


increase either the current capacity or 
voltage output of a battery. 


Explain why the terminal voltage of a battery 
drops with more load current. 


Explain the difference between voltage 
sources and current sources. 


Explain the concept of maximum power 
transfer. 


ampere-hour (Ash) rating 


battery 
charging 


constant-current generator 
constant-voltage generator 
discharging 


float charging 

fuel cell 

hydrometer 

internal resistance, r, 
open-circuit voltage 


primary cell 


secondary cell 
specific gravity 
storage cell 
voltaic cell 
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GOOD TO KNOW 


Most portable electronic 
equipment can be operated from 
either batteries or the 120-V,. 
power line. When operated from 
the 120-V,- power line, the 60-Hz 
alternating voltage is converted 
to the correct DC voltage by a 


special circuit known as a power 


supply. 
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12-1 Introduction to Batteries 


We rely on batteries to power an almost unlimited number of electronic products 
available today. For example, batteries are used in cars, personal computers (PCs), 
handheld radios, laptops, cameras, MP3 players, and cell phones, to name just a few 
of the more common applications. Batteries are available in a wide variety of shapes 
and sizes and have many different voltage and current ratings. The different sizes 
and ratings are necessary to meet the needs of the vast number of applications. 
Regardless of the application, however, all batteries are made up of a combination 
of individual voltaic cells. Together, the cells provide a steady DC voltage at the 
output terminals of the battery. The voltage output and current rating of a battery 
are determined by several factors, including the type of elements used for the elec- 
trodes, the physical size of the electrodes, and the type of electrolyte. 

As you know, some batteries become exhausted with use and cannot be recharged. 
Others can be recharged hundreds or even thousands of times before they are no 
longer able to produce or maintain the rated output voltage. Whether a battery is 
rechargeable or not is determined by the type of cells that make up the battery. There 
are two types of cells—primary cells and secondary cells. 


Primary Cells 


This type cannot be recharged. After it has delivered its rated capacity, the primary 
cell must be discarded because the internal chemical reaction cannot be restored. 
Figure 12-1 shows a variety of dry cells and batteries, all of which are of the pri- 
mary type. In Table 12-1, several different cells are listed by name. Each of the cells 
is listed as either the primary or the secondary type. Notice the open-circuit voltage 
for each of the cell types listed. 


Secondary Cells 


This type can be recharged because the chemical action is reversible. When it sup- 
plies current to a load resistance, the cell is discharging because the current tends to 
neutralize the separated charges at the electrodes. For the opposite case, the current 
can be reversed to re-form the electrodes as the chemical action is reversed. This 
action is charging the cell. The charging current must be supplied by an external 


Figure 12-1 Typical dry cells and batteries. These primary types cannot be recharged. 
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GOOD TO KNOW 


A battery is continually doing the 
work of separating the positive 
and negative charges within 
itself. This is true even when the 
battery is not in use. Because of 
this, batteries made up of 
primary cells can become 
exhausted before they ever leave 
the store. Therefore, always be 
sure to buy batteries that are 


fresh from the manufacturer. 


Figure 12-2 Example of a 12-V auto 


battery using six lead-acid cells in series. 


This is a secondary type, which can be 
recharged. 


Batteries 
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Table 12-1 


Cell Types and Open-Circuit 


Voltage 


Nominal Open- 


Cell Name Type Circuit* Voltage, V,- 
Carbon-zinc Primary 15 
Zinc chloride Primary 15 
Manganese Primary or IES 
dioxide (alkaline) secondary 

Mercuric oxide Primary 1.35 
Silver oxide Primary 15 
Lithium Primary 3.0 
Lithium-ion Secondary 27 
Lead-acid Secondary Bal 
Nickel-cadmium Secondary I2 
Nickel-metal- Secondary 12 
hydride 

Nickel-iron Secondary 12 
(Edison) cell 

Nickel-zinc Secondary 146 
Solar Secondary 05 


* Open-circuit V is the terminal voltage without a load. 


DC voltage source, with the cell serving as a load resistance. The discharging and 
recharging is called cycling of the cell. Since a secondary cell can be recharged, it is 
also called a storage cell. The most common type is the lead-acid cell generally used 
in automotive batteries (Fig. 12-2). In addition, the list in Table 12-1 indicates 
which are secondary cells. 


Dry Cells 


What we call a dry cell really has a moist electrolyte. However, the electrolyte can- 
not be spilled and the cell can operate in any position. 


Sealed Rechargeable Cells 


This type is a secondary cell that can be recharged, but it has a sealed electrolyte 
that cannot be refilled. These cells are capable of charge and discharge in any 
position. 


E 12-1 Self-Review 


Answers at the end of the chapter. 


a. How much is the output voltage of a carbon-zinc cell? 
b. How much is the output voltage of a lead-acid cell? 
c. Which type can be recharged, a primary or a secondary cell? 
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12-2 The Voltaic Cell 


When two different conducting materials are immersed in an electrolyte, as illus- 
trated in Fig. 12—3a, the chemical action of forming a new solution results in the 
separation of charges. This device for converting chemical energy into electric 
energy is a voltaic cell. It is also called a galvanic cell, named after Luigi Galvani 
(1737-1798). 

In Fig. 12—3a, the charged conductors in the electrolyte are the electrodes or 
plates of the cell. They are the terminals that connect the voltage output to an exter- 
nal circuit, as shown in Fig. 12—3b. Then the potential difference resulting from the 
separated charges enables the cell to function as a source of applied voltage. The 
voltage across the cell’s terminals forces current to flow in the circuit to light 
the bulb. 


Current Outside the Cell 


Electrons from the negative terminal of the cell flow through the external circuit 
with R, and return to the positive terminal. The chemical action in the cell separates 
charges continuously to maintain the terminal voltage that produces current in the 
circuit. 

The current tends to neutralize the charges generated in the cell. For this reason, 
the process of producing load current is considered discharging of the cell. How- 
ever, the internal chemical reaction continues to maintain the separation of charges 
that produces the output voltage. 


Current Inside the Cell 


The current through the electrolyte is a motion of ion charges. Notice in Fig. 12—3b 
that the current inside the cell flows from the positive terminal to the negative 
terminal. This action represents the work being done by the chemical reaction to 
generate the voltage across the output terminals. 

The negative terminal in Fig. 12—3a is considered the anode of the cell because it 
forms positive ions in the electrolyte. The opposite terminal of the cell is its cathode. 


Internal Resistance, r, 


Any practical voltage source has internal resistance, indicated as r,, which limits the 
current it can deliver. For a chemical cell, as shown in Fig. 12-3, the r, is mainly the 


Figure 12-3 How a voltaic cell converts chemical energy into electrical energy. 
(a) Electrodes or plates in liquid electrolyte solution. (b) Schematic of a circuit with a voltaic 
cell as a DC voltage source V to produce current in load R,, which is the lightbulb. 


Anode Cathode 


Negative 


electrode Positive 


electrode 
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resistance of the electrolyte. For a good cell, r, is very low, with typical values less 
than 1 Q. As the cell deteriorates, though, r, increases, preventing the cell from pro- 
ducing its normal terminal voltage when load current is flowing because the internal 
voltage drop across r, opposes the output terminal voltage. This is why you can often 
measure the normal voltage of a dry cell with a voltmeter, which drains very little 
current, but the terminal voltage drops when the load is connected. 

The voltage output of a cell depends on the elements used for the electrodes and 
the electrolyte. The current rating depends mostly on the size. Larger batteries can 
supply more current. Dry cells are generally rated up to 250 mA, and the lead-acid 
wet cell can supply current up to 300 A or more. Note that a smaller r, allows a 
higher current rating. 


Electromotive Series 


The fact that the voltage output of a cell depends on its elements can be seen from 
Table 12-2. This list, called the electrochemical series or electromotive series, gives 
the relative activity in forming ion charges for some of the chemical elements. The 
potential for each element is the voltage with respect to hydrogen as a zero refer- 
ence. The difference between the potentials for two different elements indicates the 
voltage of an ideal cell using these electrodes. Note that other factors, such as the 
electrolyte, cost, stability, and long life, are important for the construction of com- 
mercial batteries. 


E 12-2 Self-Review 
Answers at the end of the chapter. 


a. The negative terminal of a chemical cell has a charge of excess 
electrons. (True/False) 
b. The internal resistance of a cell limits the amount of output current. 


(True/False) 
c. Two electrodes of the same metal provide the highest voltage output. 

(True/False) 
Element Potential, V 
Lithium =2 06 
Magnesium —2.40 
Aluminum = 70) 
Zinc —0.76 
Cadmium —0.40 
Nickel =) 23} 
Lead —0.13 
Hydrogen (reference) 0.00 
Copper 05 
Mercury +0.80 
Silver +0.80 
Gold +1.36 
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12-3 Common Types of Primary Cells 


In this section, you will be introduced to several different types of primary cells in 
use today. 


Carbon-Zinc 


The carbon-zinc dry cell is a very common type because of its low cost. It is also 
called the Leclanché cell, named after its inventor. Examples are shown in Fig. 12-1, 
and Fig. 12-4 illustrates the internal construction of the D-size round cell. The 
voltage output of the carbon-zinc cell is 1.4 to 1.6 V, with a nominal value of 1.5 V. 
The suggested current range is up to 150 mA for the D size, which has a height of 
2% in. and volume of 3.18 in.° The C, AA, and AAA sizes are smaller, with lower 
current ratings. 

The electrochemical system consists of a zinc anode and a manganese dioxide 
cathode in a moist electrolyte. The electrolyte is a combination of ammonium chlo- 
ride and zinc chloride dissolved in water. For the round-cell construction, a carbon 
rod is used down the center, as shown in Fig. 12-4. The rod is chemically inert. 
However, it serves as a current collector for the positive terminal at the top. The path 
for current inside the cell includes the carbon rod as the positive terminal, the man- 
ganese dioxide, the electrolyte, and the zinc can which is the negative electrode. The 
carbon rod also prevents leakage of the electrolyte but is porous to allow the escape 
of gases which accumulate in the cell. 

In operation of the cell, the ammonia releases hydrogen gas which collects 
around the carbon electrode. This reaction is called polarization, and it can reduce 
the voltage output. However, the manganese dioxide releases oxygen, which com- 
bines with the hydrogen to form water. The manganese dioxide functions as a 
depolarizer. Powdered carbon is also added to the depolarizer to improve conduc- 
tivity and retain moisture. 

Carbon-zinc dry cells are generally designed for an operating temperature of 
70°F. Higher temperatures will enable the cell to provide greater output. However, 
temperatures of 125°F or more will cause rapid deterioration of the cell. 

The chemical efficiency of the carbon-zinc cell increases with less current drain. 
Stated another way, the application should allow for the largest battery possible, 
within practical limits. In addition, performance of the cell is generally better with 


Figure 12-4 Cutaway view of carbon-zinc dry cell. This is size D with a height of 2'/s in. 
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Figure 12-5 Construction of the alkaline cell. 
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intermittent operation. The reason is that the cell can recuperate between discharges, 
probably by depolarization. 

As an example of longer life with intermittent operation, a carbon-zinc D cell 
may operate for only a few hours with a continuous drain at its rated current. Yet the 
same cell could be used for a few months or even a year with intermittent operation 
of less than 1 hour at a time with smaller values of current. 


Alkaline Cell 


Another popular type is the manganese-zinc cell shown in Fig. 12-5, which has an 
alkaline electrolyte. It is available as either a primary or a secondary cell, but the 
primary type is more common. 

The electrochemical system consists of a powdered zinc anode and a manganese 
dioxide cathode in an alkaline electrolyte. The electrolyte is potassium hydroxide, 
which is the main difference between the alkaline and Leclanché cells. Hydroxide 
compounds are alkaline with negative hydroxyl (OH) ions, whereas an acid electro- 
lyte has positive hydrogen (H) ions. The voltage output from the alkaline cell 
is 1.5 V. 

The alkaline cell has many applications because of its ability to work at high 
efficiency with continuous, high discharge rates. Compared with carbon-zinc cells, 
alkaline cells have a higher energy density and longer shelf life. Depending on the 
application, an alkaline cell can provide up to seven times the service life of a 
carbon-zinc cell. 

The outstanding performance of the alkaline cell is due to its low internal resis- 
tance. Its r, is low because of the dense cathode material, the large surface area of the 
anode in contact with the electrolyte, and the high conductivity of the electrolyte. In 
addition, alkaline cells perform satisfactorily at low temperatures. 


Zinc Chloride Cells 


This type is actually a modified carbon-zinc cell whose construction is illustrated 
in Fig. 12-4. However, the electrolyte contains only zinc chloride. The zinc 
chloride cell is often referred to as a heavy-duty type. It can normally deliver more 
current over a longer period of time than the Leclanché cell. Another difference is 
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GOOD TO KNOW 


It is common practice to store 
small nonrechargeable batteries 
in a cool place such as a 
refrigerator. The cooler storage 
temperature slows down the 
chemical activity within the 
battery, thus prolonging its life 


when not in use. 
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Figure 12-6 Construction of miniature button type of primary cell. Diameter is ?/s to 
1 in. Note the chemical symbols AgO, for silver oxide, HgO for mercuric oxide, and MnO, 
for manganese dioxide. 
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that the chemical reaction in the zinc chloride cell consumes water along with the 
chemically active materials, so that the cell is nearly dry at the end of its useful 
life. As a result, liquid leakage is not a problem. 


Additional Types of Primary Cells 


The miniature button construction shown in Fig. 12-6 is often used for the mercury 
cell and the silver oxide cell. The cell diameter is % to 1 in. 


Mercury Cell 


The electrochemical system consists of a zinc anode, a mercury compound for the 
cathode and an electrolyte of potassium or sodium hydroxide. Mercury cells are 
available as flat, round cylinders and miniature button shapes. Note, though, that 
some round mercury cells have the top button as the negative terminal and the bot- 
tom terminal positive. The open-circuit voltage is 1.35 V when the cathode is mer- 
curic oxide (HgO) and 1.4 V or more with mercuric oxide/manganese dioxide. The 
1.35-V type is more common. 

The mercury cell is used where a relatively flat discharge characteristic is 
required with high current density. Its internal resistance is low and essentially con- 
stant. These cells perform well at elevated temperatures, up to 130°F continuously 
or 200°F for short periods. One drawback of the mercury cell is its relatively high 
cost compared with a carbon-zinc cell. Mercury cells are becoming increasingly 
unavailable due to the hazards associated with proper disposal after use. 


Silver Oxide Cell 


The electrochemical system consists of a zinc anode, a cathode of silver oxide 
(AgO, ) with small amounts of manganese dioxide, and an electrolyte of potassium 
or sodium hydroxide. It is commonly available in the miniature button shape shown 
in Fig. 12-6. The open-circuit voltage is 1.6 V, but the nominal output with a load is 
considered 1.5 V. Typical applications include hearing aids, cameras, and electronic 
watches, which use very little current. 


Summary of the Most Common Types of Dry Cells 


The most common types of dry cells include carbon-zinc, zinc chloride (heavy- 
duty), and manganese-zinc (alkaline). It should be noted that the alkaline cell is 
better for heavy-duty use than the zinc chloride type. They are available in the 
round, cylinder types, listed in Table 12-3, for the D, C, AA, and AAA sizes. The 
small button cells generally use either mercury or silver oxide. All these dry cells are 
the primary type and cannot be recharged. Each has an output of 1.5 V except for the 
1.35-V mercury cell. 
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GOOD TO KNOW 


Primary cells sometimes specify 
their capacity in watt-hours (Wsh) 
which is determined by multiplying 
the primary cell’s mAsh rating by 


its terminal voltage. 


Figure 12-7 Lithium battery. 
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Sizes for Popular Types of Dry 
Cells* 


Table 12-3 


Height, in. Diameter, in. 
D 2'/4 1/4 
@ 13/4 1 
AA 1’/s ?/16 
AAA 13/4 3/8 


* Cylinder shape shown in Fig. 12-1. 


Any dry cell loses its ability to produce output voltage even when it is not being 
used. The shelf life is about 2 years for the alkaline type, but much less with the 
carbon-zinc cell, especially for small sizes and partially used cells. The reasons are 
self-discharge within the cell and loss of moisture from the electrolyte. Therefore, 
dry cells should be used fresh from the manufacturer. It is worth noting, however, 
that the shelf life of dry cells is steadily increasing due to recent advances in battery 
technology. 

Note that shelf life can be extended by storing the cell at low temperatures, about 
40 to 50°F. Even temperatures below freezing will not harm the cell. However, the 
cell should be allowed to return to normal room temperature before being used, 
preferably in its original packaging, to avoid condensation. 

The alkaline type of dry cell is probably the most cost-efficient. It costs more but 
lasts much longer, besides having a longer shelf life. Compared with size-D batter- 
ies, the alkaline type can last about 10 times longer than the carbon-zinc type in 
continuous operation, or about seven times longer for typical intermittent operation. 
The zinc chloride heavy-duty type can last two or three times longer than the gen- 
eral-purpose carbon-zinc cell. For low-current applications of about 10 mA or less, 
however, there is not much difference in battery life. 


Lithium Cell 


The lithium cell is a relatively new primary cell. However, its high output voltage, 
long shelf life, low weight, and small volume make the lithium cell an excellent 
choice for special applications. The open-circuit output voltage is 3 V. Note the high 
potential of lithium in the electromotive list of elements shown before in Table 
12-2. Figure 12-7 shows an example of a lithium battery with a 6-V output. 

A lithium cell can provide at least 10 times more energy than the equivalent 
carbon-zinc cell. However, lithium is a very active chemical element. Many of 
the problems in construction have been solved, though, especially for small 
cells delivering low current. One interesting application is a lithium cell as the 
DC power source for a cardiac pacemaker. The long service life is important for 
this use. 

Two forms of lithium cells are in widespread use, the lithium-sulfur dioxide 
(LiSO, ) type and the lithium-thiony1 chloride type. Output is approximately 3 V. 

In the LiSO, cell, the sulfur dioxide is kept in a liquid state by using a high- 
pressure container and an organic liquid solvent, usually methyl cyanide. One prob- 
lem is safe encapsulation of toxic vapor if the container should be punctured or 
cracked. This problem can be significant for safe disposal of the cells when they are 
discarded after use. 

The shelf life of the lithium cell, 10 years or more, is much longer than that of 
other types. 
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Figure 12-8 Common 12-V lead-acid 


battery used in automobiles. 
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E 712-3 Self-Review 


Answers at the end of the chapter. 


a. Which has a longer shelf life, the alkaline or carbon-zinc cell? 

b. For the same application, which will provide a longer service life, 
an alkaline or carbon-zinc dry cell? 

c. Which size cell is larger, C or AA? 

d. What type of cell is typically used in watches, hearing aids, 
cameras, etc.? 


12-4 Lead-Acid Wet Cell 


Where high load current is necessary, the lead-acid cell is the type most commonly 
used. The electrolyte is a dilute solution of sulfuric acid (H,SO,). In the application 
of battery power to start the engine in an automobile, for example, the load current 
to the starter motor is typically 200 to 400 A. One cell has a nominal output of 2.1 V, 
but lead-acid cells are often used in a series combination of three for a 6-V battery 
and six for a 12-V battery. Examples are shown in Figs. 12—2 and 12-8. 

The lead-acid type is a secondary cell or storage cell, which can be recharged. 
The charge and discharge cycle can be repeated many times to restore the output 
voltage, as long as the cell is in good physical condition. However, heat with exces- 
sive charge and discharge currents shortens the useful life to about 3 to 5 years for 
an automobile battery. The lead-acid type has a relatively high output voltage, which 
allows fewer cells for a specified battery voltage. 


Construction 


Inside a lead-acid battery, the positive and negative electrodes consist of a group of 
plates welded to a connecting strap. The plates are immersed in the electrolyte, con- 
sisting of eight parts of water to three parts of concentrated sulfuric acid. Each plate 
is a grid or framework, made of a lead-antimony alloy. This construction enables the 
active material, which is lead oxide, to be pasted into the grid. In manufacture of the 
cell, a forming charge produces the positive and negative electrodes. In the forming 
process, the active material in the positive plate is changed to lead peroxide (PbO,). 
The negative electrode is spongy lead (Pb). 

Automobile batteries are usually shipped dry from the manufacturer. The electro- 
lyte is put in at installation, and then the battery is charged to form the plates. With 
maintenance-free batteries, little or no water need be added in normal service. Some 
types are sealed, except for a pressure vent, without provision for adding water. 


Chemical Action 


Sulfuric acid is a combination of hydrogen and sulfate ions. When the cell dis- 
charges, lead peroxide from the positive electrode combines with hydrogen ions to 
form water and with sulfate ions to form lead sulfate. The lead sulfate is also pro- 
duced by combining lead on the negative plate with sulfate ions. Therefore, the net 
result of discharge is to produce more water, which dilutes the electrolyte, and to 
form lead sulfate on the plates. 

As discharge continues, the sulfate fills the pores of the grids, retarding circula- 
tion of acid in the active material. Lead sulfate is the powder often seen on the out- 
side terminals of old batteries. When the combination of weak electrolyte and 
sulfation on the plate lowers the output of the battery, charging is necessary. 

On charge, the external DC source reverses the current in the battery. The reversed 
direction of ions flowing in the electrolyte results in a reversal of the chemical reac- 
tions. Now the lead sulfate on the positive plate reacts with water and sulfate ions to 
produce lead peroxide and sulfuric acid. This action re-forms the positive plate and 
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GOOD TO KNOW 


Battery capacity, abbreviated C, 
is expressed in Ath or mAch. 
Battery current, however, is 
usually described in units of °/r 
where T represents the discharge 
time in hours. For example, a 
lead-acid battery may have a 

200 Ash rating at a 5/10 discharge 


rate. This means the battery can 

200 Ach) 
10h 

for a period of 10 hours while 


supply 20 A of current ( 
maintaining a terminal voltage 


above some specified minimum 


value. 
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makes the electrolyte stronger by adding sulfuric acid. At the same time, charging 
enables the lead sulfate on the negative plate to react with hydrogen ions; this also 
forms sulfuric acid while re-forming lead on the negative electrode. 

As a result, the charging current can restore the cell to full output, with lead 
peroxide on the positive plates, spongy lead on the negative plate, and the required 
concentration of sulfuric acid in the electrolyte. The chemical equation for the lead- 
acid cell is 


Charge 
Pb + PbO, + 2H,SO, “> 2 PbSO, + 2H,O 
Discharge 

On discharge, the Pb and PbO, combine with the SO, ions at the left side of the equa- 
tion to form lead sulfate (PbSO,) and water (H,O) on the right side of the equation. 

On charge, with reverse current through the electrolyte, the chemical action is 
reversed. Then the Pb ions from the lead sulfate on the right side of the equation 
re-form the lead and lead peroxide electrodes. Also, the SO, ions combine with H, 
ions from the water to produce more sulfuric acid on the left side of the equation. 


Current Ratings 


Lead-acid batteries are generally rated in terms of the amount of discharge current 
they can supply for a specified period of time. The output voltage should be main- 
tained above a minimum level, which is 1.5 to 1.8 V per cell. A common rating is 
ampere-hours (A-h) based on a specific discharge time, which is often 8 h. Typical 
A-h ratings for automobile batteries are 100 to 300 Avh. 

As an example, a 200-A-h battery can supply a load current of 7°/s or 25 A, based 
on an 8-h discharge. The battery can supply less current for a longer time or more 
current for a shorter time. Automobile batteries may be rated in “cold cranking 
amps” (CCAs), which is related to the job of starting the engine. The CCA rating 
specifies the amount of current, in amperes, the battery can deliver at 0°F for 30 sec- 
onds while maintaining an output voltage of 7.2 V for a 12-V battery. The higher the 
CCA rating, the greater the starting power of the battery. 

Note that the ampere-hour unit specifies coulombs of charge. For instance, 
200 A:h corresponds to 200 A x 3600 s (1 h = 3600 s). This equals 720,000 A's, or 
coulombs. One ampere-second is equal to one coulomb. Then the charge equals 
720,000 or 7.2 x 10° C. To put this much charge back into the battery would require 
20 h with a charging current of 10 A. 

The ratings for lead-acid batteries are given for a temperature range of 77 to 
80°F. Higher temperatures increase the chemical reaction, but operation above 
110°F shortens the battery life. 

Low temperatures reduce the current capacity and voltage output. The ampere- 
hour capacity is reduced approximately 0.75% for each decrease of 1°F below the 
normal temperature rating. At 0°F, the available output is only 40% of the ampere- 
hour battery rating. In cold weather, therefore, it is very important to have an auto- 
mobile battery up to full charge. In addition, the electrolyte freezes more easily 
when diluted by water in the discharged condition. 


Specific Gravity 


The state of discharge for a lead-acid cell is generally checked by measuring the 
specific gravity of the electrolyte. Specific gravity is a ratio comparing the weight 
of a substance with the weight of water. For instance, concentrated sulfuric acid is 
1.835 times as heavy as water for the same volume. Therefore, its specific gravity 
equals 1.835. The specific gravity of water is 1, since it is the reference. 

In a fully charged automotive cell, the mixture of sulfuric acid and water results 
in a specific gravity of 1.280 at room temperatures of 70 to 80°F. As the cell 


371 


Figure 12-9 Hydrometer to check 
specific gravity of lead-acid battery. 


GOOD TO KNOW 


Another way to test the 
condition of a lead-acid battery is 
to perform what is called a load 
test. This test involves drawing a 
load current equal to one-half the 
battery’s CCA rating for a period 
of 15 seconds. At the end of the 
15-second test interval, the 
battery voltage must be above 
some specified value that is 
primarily dependent on the 
battery’s temperature. At 70°F, 
the battery voltage should be at 
or above 9.6 V after the 


15-second time interval. 
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Figure 12-10 Reversed directions for charge and discharge currents of a battery. The r, 
is internal resistance. (a) The V, of the battery discharges to supply the load current for R,. 
(b) The battery is the load resistance for V., which is an external source of charging voltage. 


(a) 


discharges, more water is formed, lowering the specific gravity. When the specific 
gravity is below about 1.145, the cell is considered completely discharged. 

Specific-gravity readings are taken with a battery hydrometer, such as the one 
shown in Fig. 12—9. With this type of hydrometer, the state of charge of a cell within 
the battery is indicated by the number of floating disks. For example, one floating 
disk indicates the cell is at 25% of full charge. Two floating disks indicate the cell is 
at 50% of full charge. Similarly, three floating disks indicate 75% of full charge, 
whereas four floating disks indicate the cell is at 100% of full charge. The number 
of floating disks is directly correlated with the value of the specific gravity. As the 
specific gravity increases, more disks will float. Note that all cells within the battery 
must be tested for full charge. 

The importance of the specific gravity can be seen from the fact that the open- 
circuit voltage of the lead-acid cell is approximately equal to 


V = specific gravity + 0.84 


For the specific gravity of 1.280, the voltage is 1.280 + 0.84 = 2.12 V, as an exam- 
ple. These values are for a fully charged battery. 


Charging the Lead-Acid Battery 


The requirements are illustrated in Fig. 12-10. An external DC voltage source is 
necessary to produce current in one direction. Also, the charging voltage must be 
more than the battery emf. Approximately 2.5 V per cell is enough to overcome the 
cell emf so that the charging voltage can produce current opposite to the direction of 
the discharge current. 

Note that the reversal of current is obtained by connecting the battery V, and 
charging source V, with + to + and — to —, as shown in Fig. 12—10b. The charging 
current is reversed because the battery effectively becomes a load resistance for V, 
when it is higher than V,. In this example, the net voltage available to produce a 
charging current is 15 — 12 = 3 V. 

A commercial charger for automobile batteries is shown in Fig. 12-11. This unit 
can also be used to test batteries and jump-start cars. The charger is essentially a DC 
power supply, rectifying input from an AC power line to provide DC output for 
charging batteries. 

Float charging refers to a method in which the charger and the battery are 
always connected to each other to supply current to the load. In Fig. 12-12, the 
charger provides current for the load and the current necessary to keep the battery 
fully charged. The battery here is an auxiliary source for DC power. 


Chapter 12 


Figure 12-11 Charger for auto 
batteries. 
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Figure 12-12 Circuit for battery in float-charge application. 


Battery 
charger 


AC line 


DC load 


It may be of interest to note that an automobile battery is in a floating-charge 
circuit. The battery charger is an AC generator or alternator with rectifier diodes, 
driven by a belt from the engine. When you start the car, the battery supplies the 
cranking power. Once the engine is running, the alternator charges the battery. It is 
not necessary for the car to be moving. A voltage regulator is used in this system to 
maintain the output at approximately 13 to 15 V. 


E 12-4 Self-Review 


Answers at the end of the chapter. 


a. How many lead-acid cells in series are needed for a 12-V battery? 

b. A battery is rated for 120 A-h at an 8-h discharge rate at 77°F. How 
much discharge current can it supply for 8 h? 

c. Which of the following is the specific gravity reading for a fully 
charged lead-acid cell: 1.080, 1.180, or 1.280? 


12-5 Additional Types 
of Secondary Cells 


A secondary cell is a storage cell that can be recharged by reversing the internal 
chemical reaction. A primary cell must be discarded after it has been completely 
discharged. The lead-acid cell is the most common type of storage cell. However, 
other types of secondary cells are available. Some of these are described next. 


Nickel-Cadmium (NiCd) Cell 


This type is popular because of its ability to deliver high current and to be cycled 
many times for recharging. Also, the cell can be stored for a long time, even when 
discharged, without any damage. The NiCd cell is available in both sealed and non- 
sealed designs, but the sealed construction shown in Fig. 12—13 is common. Nomi- 
nal output voltage is 1.2 V per cell. Applications include portable power tools, alarm 
systems, and portable radio or video equipment. 

The chemical equation for the NiCd cell can be written as follows: 


Charge 


2 Ni(OH),+Cd “= $ 2Ni(OH), + Cd(OH), 


Discharge 


The electrolyte is potassium hydroxide (KOH), but it does not appear in the chemi- 
cal equation because the function of this electrolyte is to act as a conductor for the 
transfer of hydroxyl (OH) ions. Therefore, unlike the lead-acid cell, the specific 
gravity of the electrolyte in the NiCd cell does not change with the state of charge. 
The NiCd cell is a true storage cell with a reversible chemical reaction for 
recharging that can be cycled up to 1000 times. Maximum charging current is 
equal to the 10-h discharge rate. Note that a new NiCd battery may need charging 
before use. A disadvantage of NiCd batteries is that they can develop a memory 


whereby they won’t accept full charge if they are routinely discharged to the same 
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GOOD TO KNOW 


Lithium-ion batteries are not 

available in standard cell sizes 
(AA, C, and D) like NiMH and 

NiCd batteries. 
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Figure 12-13 Examples of nickel-cadmium cells. The output voltage for each is 1.2 V. 
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level and then charged. For this reason, it is a good idea to discharge them to dif- 
ferent levels and occassionally to discharge them completely before recharging to 
erase the memory. 


Nickel-Metal-Hydride (NiMH) Cell 


Nickel-metal-hydride (NiMH) cells are currently finding widespread application in 
those high-end portable electrical and electronic products where battery perfor- 
mance parameters, notably run-time, are of major concern. NiMH cells are an 
extension of the proven, sealed, NiCd cells discussed previously. A NiMH cell has 
about 40% more capacity than a comparably sized NiCd cell, however. In other 
words, for a given weight and volume, a NiMH cell has a higher Ach rating than a 
NiCd cell. 

With the exception of the negative electrode, NiMH cells use the same general 
types of components as a sealed NiCd cell. As a result, the nominal output voltage 
of a NiMH cell is 1.2 V, the same as the NiCd cell. In addition to having higher A-h 
ratings compared to NiCd cells, NiMH cells also do not suffer nearly as much from 
the memory effect. As a result of the advantages offered by the NiMH cell, they are 
finding widespread use in the power-tool market, where additional operating time 
and higher power are of major importance. 

The disadvantage of NiMH cells versus NiCd cells is their higher cost. Also, 
NiMH cells self-discharge much more rapidly during storage or nonuse than NiCd 
cells. Furthermore, NiMH cells cannot be cycled as many times as their NiCd coun- 
terparts. NiMH cells are continually being improved, and it is foreseeable that they 
will overcome, at least to a large degree, the disadvantages listed here. 


Lithium-lon (Li-lon) Cell 


Lithium-ion cells (and batteries) are extremely popular and have found widespread 
use in today’s consumer electronics market. They are commonly used in laptop com- 
puters, cell phones, handheld radios, and iPods to name a few of the more common 
applications. The electrodes of a lithium-ion cell are made of lightweight lithium 
and carbon. Since lithium is a highly reactive element, the energy density of lithium- 
ion batteries is very high. Their high energy density makes lithium-ion batteries 


Chapter 12 


Batteries 


significantly lighter than other rechargeable batteries of the same size. The nominal 
open-circuit output voltage of a single lithium-ion cell is approximately 3.7 V. 

Unlike NiMH and NiCd cells, lithium-ion cells do not suffer from the memory 
effect. They also have a very low self-discharge rate of approximately 5% per month 
compared with approximately 30% or more per month with NiMH cells and 10% or 
more per month with NiCd cells. In addition, lithium-ion cells can handle several 
hundred charge-discharge cycles in their lifetime. 

Lithium-ion batteries do have a few disadvantages, however. For one thing, they 
are more expensive than similar-capacity NiMH or NiCd batteries because the man- 
ufacturing process is much more complex. Also, they begin degrading the instant 
they leave the factory and last only about 2 or 3 years whether they are used or not. 
Another disadvantage is that higher temperatures cause them to degrade much more 
rapidly than normal. 

Lithium-ion batteries are not as durable as NiMH and NiCd batteries either. In 
fact, they can be extremely dangerous if mistreated. For example, they may explode 
if they are overheated or charged to an excessively high voltage. Furthermore, they 
may be irreversibly damaged if discharged below a certain level. To avoid damaging 
a lithium-ion battery, a special circuit monitors the voltage output from the battery 
and shuts it down when it is discharged below a certain threshold level (typically 
3 V) or charged above a certain limit (typically 4.2 V). This special circuitry makes 
lithium-ion batteries even more expensive than they already are. 


Nickel-lron (Edison) Cell 


Developed by Thomas Edison, this cell was once used extensively in industrial truck 
and railway applications. However, it has been replaced almost entirely by the lead- 
acid battery. New methods of construction with less weight, though, are making this 
cell a possible alternative in some applications. 

The Edison cell has a positive plate of nickel oxide, a negative plate of iron, and 
an electrolyte of potassium hydroxide in water with a small amount of lithium 
hydroxide added. The chemical reaction is reversible for recharging. Nominal out- 
put is 1.2 V per cell. 


Nickel-Zinc Cell 


This type of cell has been used in limited railway applications. There has been renewed 
interest in it for use in electric cars because of its high energy density. However, one 
drawback is its limited cycle life for recharging. Nominal output is 1.6 V per cell. 


Fuel Cells 


A fuel cell is an electrochemical device that converts hydrogen and oxygen into 
water and in the process produces electricity. A single fuel cell is a piece of plastic 
between a couple of pieces of carbon plates that are sandwiched between two end 
plates acting as electrodes. These plates have channels that distribute the fuel and 
oxygen. As long as the reactants—pure hydrogen and oxygen—are supplied to the 
fuel cell, it will continually produce electricity. A conventional battery has all of its 
chemicals stored inside and it converts the chemical energy into electrical energy. 
This means that a battery will eventually go dead or deteriorate to a point where it is 
no longer useful and must be discarded. Chemicals constantly flow into a fuel cell so 
it never goes dead. (This assumes of course that there is always a flow of chemicals 
into the cell.) Most fuel cells in use today use hydrogen and oxygen. However, 
research is being done on a new type of fuel cell that uses methanol and oxygen. This 
type of fuel cell is in the early stages of development, however. A fuel cell provides 
a DC voltage at its output and can be used to power motors, lights, and other electri- 
cal devices. Note that fuel cells are used extensively in the space program for DC 
power. Fuel cells are very efficient and can provide hundreds of kilowatts of power. 
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Several different types of fuel cells are available today, typically classified by the 
type of electrolyte that they use. The proton exchange membrane fuel cell (PEMFC) 
is one of the most promising. This is the type that is likely to be used to power cars, 
buses, and maybe even your house in the future. 


Solar Cells 


This type of cell converts the sun’s light energy directly into electric energy. The 
cells are made of semiconductor materials, which generate voltage output with light 
input. Silicon, with an output of 0.5 V per cell, is mainly used now. Research is 
continuing, however, on other materials, such as cadmium sulfide and gallium arse- 
nide, that might provide more output. In practice, the cells are arranged in modules 
that are assembled into a large solar array for the required power. 

In most applications, the solar cells are used in combination with a lead-acid cell 
specifically designed for this use. When there is sunlight, the solar cells charge the 
battery and supply power to the load. When there is no light, the battery supplies the 
required power. 


E 712-5 Self-Review 


Answers at the end of the chapter. 

The NiCd cell is a primary type. (True/False) 

The output of the NiCd cell is 1.2 V. (True/False) 

NiMH cells cannot be cycled as many times as NiCd cells. (True/False) 
The output of a solar cell is typically 0.5 V. (True/False) 
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12-6 Series-Connected and 
Parallel-Connected Cells 


An applied voltage higher than the voltage of one cell can be obtained by connecting 
cells in series. The total voltage available across the battery of cells is equal to the 
sum of the individual values for each cell. Parallel cells have the same voltage as one 
cell but have more current capacity. The combination of cells is called a battery. 


Series Connections 


Figure 12—14 shows series-aiding connections for three dry cells. Here the three 1.5-V 
cells in series provide a total battery voltage of 4.5 V. Notice that the two end terminals, 
A and B, are left open to serve as the plus and minus terminals of the battery. These 
terminals are used to connect the battery to the load circuit, as shown in Fig. 12—14c. 

In the lead-acid battery in Fig. 12—2, short, heavy metal straps connect the cells 
in series. The current capacity of a battery with cells in series is the same as that for 
one cell because the same current flows through all series cells. 


Parallel Connections 


For more current capacity, the battery has cells in parallel, as shown in Fig. 12-15. 
All positive terminals are strapped together, as are all the negative terminals. Any 
point on the positive side can be the plus terminal of the battery, and any point on 
the negative side can be the negative terminal. 

The parallel connection is equivalent to increasing the size of the electrodes and 
electrolyte, which increases the current capacity. The voltage output of the battery, 
however, is the same as that for one cell. 

Identical cells in parallel supply equal parts of the load current. For example, with 
three identical parallel cells producing a load current of 300 mA, each cell has a 
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Figure 12-14 Cells connected in series for higher voltage. Current rating is the same as for one cell. (a) Wiring. (6) Schematic symbol for 
battery with three series cells. (0 Battery connected to load resistance R,. 


TerminalA <—— A <— 
| 
+ : | 45V = 45V= (c) 


R,=50Q 


Terminal B <1 
(a) 


Figure 12-15 Cells connected in parallel for higher current rating. (a) Wiring. (b) Schematic symbol for battery with three parallel cells. 
(©) Battery connected to load resistance R}. 


drain of 100 mA. Bad cells should not be connected in parallel with good cells, how- 
ever, since the cells in good condition will supply more current, which may overload 
the good cells. In addition, a cell with lower output voltage will act as a load resis- 
tance, draining excessive current from the cells that have higher output voltage. 


Series-Parallel Connections 


To provide a higher output voltage and more current capacity, cells can be connected 
in series-parallel combinations. Figure 12—16 shows four D cells connected in series- 
parallel to form a battery that has a 3-V output with a current capacity of 4 A. Two 
of the 1.5-V cells in series provide 3 V total output voltage. This series string has a 
current capacity of 1⁄4 A, however, assuming this current rating for one cell. 


Batteries 377 


Figure 12-16 Cells connected in series-parallel combinations. (a) Wiring two 3-V strings, each with two 1.5-V cells in series. 
(b) Wiring two 3-V strings in parallel. () Schematic symbol for the battery in (b) with output of 3 V. (d) Equivalent battery connected to load 
resistance R,. 
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(c) 


To double the current capacity, another string is connected in parallel. The two 
strings in parallel have the same 3-V output as one string, but with a current capacity 
of / A instead of the 1⁄4 A for one string. 


E 712-6 Self-Review 
Answers at the end of the chapter. 


a. How many carbon-zinc cells in series are required to obtain a 9-V,,. 
output? How many lead-acid cells are required to obtain 12.6 Vp? 

b. How many identical cells in parallel would be required to double the 
current rating of a single cell? 

c. How many cells rated 1.5 Vpc 300 mA would be required in a series- 
parallel combination that would provide a rating of 900 mA at 6 Vc? 


12-7 Current Drain Depends 
on Load Resistance 


It is important to note that the current rating of batteries, or any voltage source, is 
only a guide to typical values permissible for normal service life. The actual amount 
of current produced when the battery is connected to a load resistance is equal to 
I= V/R by Ohm’s law. 
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Figure 12-17 An example of how current drain from a battery used as a voltage source 
depends on the R of the load resistance. Different values of / are shown for the same V of 
1.5 V. (a) V/R, equals / of 200 mA. (b) V/R, equals / of 10 mA. (c) V/R; equals / of 600 mA. 


Figure 12-17 illustrates three different cases of using the applied voltage of 
1.5 V from a dry cell. In Fig. 12—17a, the load resistance R, is 7.5 Q. Then Z is 
1.5/7.5 = % A or 200 mA. 

A No. 6 carbon-zinc cell with a 1500 mA-h rating could supply this load of 
200 mA continuously for about 7.5 h at a temperature of 70°F before dropping to an 
end voltage of 1.2 V. If an end voltage of 1.0 V could be used, the same load would 
be served for a longer period of time. 

In Fig. 12-17b, a larger load resistance R, is used. The value of 150 Q limits the 
current to 1.5/150 = 0.01 A or 10 mA. Again using the No. 6 carbon-zinc cell at 
70°F, the load could be served continuously for 150 h with an end voltage of 1.2 V. 
The two principles here are 


1. The cell delivers less current with higher resistance in the load circuit. 
2. The cell can deliver a smaller load current for a longer time. 


In Fig. 12-17c, the load resistance R, is reduced to 2.5 Q. Then Zis 1.5/2.5 = 0.6 A 
or 600 mA. The No. 6 cell could serve this load continuously for only 2.5 h for an 
end voltage of 1.2 V. The cell could deliver even more load current, but for a shorter 
time. The relationship between current and time is not linear. For any one example, 
though, the amount of current is determined by the circuit, not by the current rating 
of the battery. 


E 12-7 Self-Review 


Answers at the end of the chapter. 


a. A cell rated at 250 mA will produce this current for any value of R,. 
(True/False) 

b. A higher value of R, allows the cell to operate at normal voltage for a 
longer time. (True/False) 


12-8 Internal Resistance 
of a Generator 


Any source that produces voltage output continuously is a generator. It may be a cell 
separating charges by chemical action or a rotary generator converting motion and 
magnetism into voltage output, for common examples. In any case, all generators 
have internal resistance, which is labeled r, in Fig. 12-18. 

The internal resistance, r,, is important when a generator supplies load current 
because its internal voltage drop, Ir, subtracts from the generated emf, resulting in 
lower voltage across the output terminals. Physically, r; may be the resistance of the 
wire in a rotary generator, or r; is the resistance of the electrolyte between electrodes 
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GOOD TO KNOW 


You cannot measure the internal 
resistance of a battery or 


generator with an ohmmeter! 
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Figure 12-18 Internal resistance ris in series with the generator voltage V,,. (a) Physical 
arrangement for a voltage cell. (b) Schematic symbol for r,. (c) Equivalent circuit of r, in series 
with Vo. 


in a chemical cell. More generally, the internal resistance r, is the opposition to load 
current inside the generator. 

Since any current in the generator must flow through the internal resistance, r, is 
in series with the generated voltage, as shown in Fig. 12—18c. It may be of interest 
to note that, with just one load resistance connected across a generator, they are in 
series with each other because R, is in series with r,. 

If there is a short circuit across the generator, its r, prevents the current from 
becoming infinitely high. As an example, if a 1.5-V cell is temporarily short-cir- 
cuited, the short-circuit current [,, could be about 15 A. Then r, is V/Z. which 
equals 1.5/15, or 0.1 Q for the internal resistance. These are typical values for a 
carbon-zinc D-size cell. (The value of r, would be lower for a D-size alkaline cell.) 


Why Terminal Voltage Drops 
with More Load Current 


Figure 12-19 illustrates how the output of a 100-V source can drop to 90 V because 
of the internal 10-V drop across r, In Fig. 12—19a, the voltage across the output 
terminals is equal to the 100 V of V, because there is no load current in an open 
circuit. With no current, the voltage drop across r, is zero. Then the full generated 
voltage is available across the output terminals. This value is the generated emf, 
open-circuit voltage, or no-load voltage. 

We cannot connect the test leads inside the source to measure V,,. However, mea- 
suring this no-load voltage without any load current provides a method of determin- 
ing the internally generated emf. We can assume that the voltmeter draws practically 
no current because of its very high resistance. 


Figure 12-19 Example of how an internal voltage drop decreases voltage at 
the output terminal of the generator. (a) Open-circuit voltage output equals V, of 100 V 
because there is no load current. (b) Terminal voltage V, between points A and B is reduced 
to 90 V because of 10-V drop across 100-Q r, with 0.1-A /,. 


V,=90V 
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Figure 12-20 How terminal voltage V, 
drops with more load current. The graph is 


plotted for values in Table 12-4. 
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GOOD TO KNOW 


The only true way to test the 
condition of a battery is to check 
the output voltage while drawing 


its rated output current. 


Table 12-4 


Vo> rs 
V Q 
100 100 
100 100 
100 100 
100 100 
100 100 100 
100 100 (0) 
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In Fig. 12-19b with a load, however, current of 0.1 A flows to produce a drop of 
10 V across the 100 Q of r.. Note that R, is 900 + 100 = 1000 Q. Then J, equals 
100/1000, which is 0.1 A. 

As a result, the voltage output V, equals 100 — 10 = 90 V. This terminal voltage 
or load voltage is available across the output terminals when the generator is in a 
closed circuit with load current. The 10-V internal drop is subtracted from Vo 
because they are series-opposing voltages. 

The graph in Fig. 12-20 shows how the terminal voltage V, drops with increas- 
ing load current J,. The reason is the greater internal voltage drop across r, as shown 
by the calculated values listed in Table 12-4. For this example, V, is 100 V and r, is 
100 Q. 

Across the top row, infinite ohms for R, means an open circuit. Then /, is zero, 
there is no internal drop V, and V, is the same 100 V as Vg. 

Across the bottom row, zero ohms for R, means a short circuit. Then the short- 
circuit current of 1 A results in zero output voltage because the entire generator 
voltage is dropped across the internal resistance. Or we can say that with a short 
circuit of zero ohms across the load, the current is limited to V,/r,. 

The lower the internal resistance of a generator, the better it is in producing full 
output voltage when supplying current for a load. For example, the very low r, 
about 0.01 Q, for a 12-V lead-acid battery, is the reason it can supply high values of 
load current and maintain its output voltage. 

For the opposite case, a higher 7, means that the terminal voltage of a generator 
is much less with load current. As an example, an old dry battery with r, of 500 Q 
would appear normal when measured by a voltmeter but be useless because of low 
voltage when normal load current flows in an actual circuit. 


How to Measure F, 


The internal resistance of any generator can be measured indirectly by determining 
how much the output voltage drops for a specified amount of load current. The dif- 
ference between the no-load voltage and the load voltage is the amount of internal 
voltage drop J r, Dividing by [, gives the value of r,. As a formula, 
K= Va VL (12-1) 
i A 
A convenient technique for measuring r, is to use a variable load resistance R,. 
Vary R, until the load voltage is one-half the no-load voltage. This value of R, is 
also the value of r,, since they must be equal to divide the generator voltage equally. 
For the same 100-V generator with the 10-Q r; used in Example 12-1, if a 10-Q R, 
were used, the load voltage would be 50 V, equal to one-half the no-load voltage. 


How V, Drops with More I, (for Figure 12—20) 


100 (0) 
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GOOD TO KNOW 


The internal resistance of a 


battery or generator can also be 


calculated as r,= = xR 
(This assumes, of course, that Ri 


is known.) 
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Example 12-1 


Calculate r; if the output of a generator drops from 100 V with zero load current 
to 80 V when J, =2 A. 


ANSWER 


You can solve this circuit by Ohm’s law to see that Z is 5 A with 20 Q for the 
combined R,,. Then the two voltage drops of 50 V each add to equal the 100 V of the 
generator. 


E 72-8 Self-Review 


Answers at the end of the chapter. 


a. For formula (12-1), V, must be more than V,,. (True/False) 
b. For formula (12-1), when V, is one-half V,,, the r, is equal to R,. 


(True/False) 

c. The generator’s internal resistance, r, is in series with the load. 
(True/False) 

d. More load current produces a larger voltage drop across r, 
(True/False) 


12-9 Constant-Voltage and 
Constant-Current Sources 


A generator with very low internal resistance is considered a constant-voltage 
source. Then the output voltage remains essentially the same when the load current 
changes. This idea is illustrated in Fig. 12—21a for a 6-V lead-acid battery with an r, 
of 0.005 Q. If the load current varies over the wide range of 1 to 100 A, the internal 
Ir, drop across 0.005 Q is less than 0.5 V for any of these values. 


Constant-Current Generator 


It has very high resistance, compared with the external load resistance, resulting in 
constant current, although the output voltage varies. 

The constant-current generator, shown in Fig. 12—22, has such high resistance, 
with an r, of 0.9 MQ, that it is the main factor determining how much current can be 
produced by Vo. Here R, varies in a 3:1 range from 50 to 150 KQ. Since the current 
is determined by the total resistance of R, and r, in series, however, 7 is essentially 
constant at 1.05 to 0.95 mA, or approximately | mA. This relatively constant J is 
shown by the graph in Fig. 12—22b. 
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Figure 12-21 Constant-voltage generator with low r. The V, stays 
approximately the same 6 V as / varies with R, . (a) Circuit. (b) Graph for V.. 


Constant V, 


Figure 12-22 Constant-current generator with high r. The / stays approximately the 
same 1 mA as V, varies with R,. (a) Circuit. (b) Graph for /. 
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(b) 


Note that the terminal voltage V, varies in approximately the same 3:1 range as 
R,. Also, the output voltage is much less than the generator voltage because of the 
high internal resistance compared with R,. This is a necessary condition, however, 
in a circuit with a constant-current generator. 

A common practice is to insert a series resistance to keep the current constant, as 
shown in Fig. 12—23a. Resistance R, must be very high compared with R,. In this 
example, J, is 50 „A with 50 V applied, and R, is practically equal to the 1 MQ of 
R. The value of R, can vary over a range as great as 10:1 without changing Ry or I 
appreciably. 

A circuit with an equivalent constant-current source is shown in Fig. 12—23b. 
Note the arrow symbol for a current source. As far as R, is concerned, its terminals 
A and B can be considered as receiving either 50 V in series with 1 MQ or 50 „A in 
a shunt with 1 MQ. 


Figure 12-23 Voltage source in (a) equivalent to current source in (b) for load resistance 
R, across terminals A and B. 


(b) 


(a) 
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GOOD TO KNOW 


To get the maximum radiated 
power from an antenna ina 
communications system, the 
radiation resistance of the 
antenna must match the output 
resistance of the radio 
transmitter. This is just one of 
many instances where it is 


crictical that r,; = R,. 


E 12-9 Self-Review 


Answers at the end of the chapter. 


Is the internal resistance high or low for 
a constant-voltage source? 
a constant-current source? 


12-10 Matching a Load Resistance 


to the Generator r, 


In the diagram in Fig. 12-24, when R, equals r, the load and generator are matched. 
The matching is significant because the generator then produces maximum power 


in R,, as verified by the values listed in Table 12-5. 


Maximum Power in R, 


When R, is 100 Q to match the 100 Q of r,, maximum power is transferred from the 
generator to the load. With higher resistance for R,, the output voltage V, is higher, 
but the current is reduced. Lower resistance for R, allows more current, but V, is 
less. When r, and R, both equal 100 Q, this combination of current and voltage 


produces the maximum power of 100 W across R,. 


Figure 12-24 Circuit for varying R, to match r.. (a) Schematic diagram. (b) Equivalent voltage divider for voltage output across R,. 
(c) Graph of power output P, for different values of R,. All values are listed in Table 12—5. 
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Vz = 200 V 
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1,000 


10,000 


OSs 


0.18 


0.02 
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* Values calculated approximately for circuit in Fig. 12-24, with V, = 200 V and r, = 100 Q. 
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Efficiency = 


Pale, 
1 
33 
50 
83 
oN 
29 


»% 


Chapter 12 


Batteries 


With generators that have very low resistance, however, matching is often 
impractical. For example, if a 6-V lead-acid battery with a 0.003-Q internal resis- 
tance were connected to a 0.003-Q load resistance, the battery could be damaged by 
excessive current as high as 1000 A. 


Maximum Voltage Across R, 


If maximum voltage, rather than power, is desired, the load should have as high a 
resistance as possible. Note that R, and r; form a voltage divider for the generator 
voltage, as illustrated in Fig. 12—24b. The values for ZR, listed in Table 12-5 show 
how the output voltage V, increases with higher values of R,. 


Maximum Efficiency 


Note also that the efficiency increases as R, increases because there is less current, 
resulting in less power lost in r, When R, equals r, the efficiency is only 50%, since 
one-half the total generated power is dissipated in r,, the internal resistance of the 
generator. In conclusion, then, matching the load and generator resistances is desir- 
able when the load requires maximum power rather than maximum voltage or effi- 
ciency, assuming that the match does not result in excessive current. 


E 72-10 Self-Review 


Answers at the end of the chapter. 


a. When R, =r, the P, is maximum. (True/False) 
b. The V, is maximum when R, is maximum. (True/False) 
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Application in Understanding Lead-Acid Battery Ratings, Charging, 


Testing, Storage, and Disposal 


The battery in your vehicle supplies power to the starter and 
ignition system when the engine is initially turning over but is 
not yet running. In some vehicles, the battery also supplies the 
extra power necessary when the vehicle’s electrical load exceeds 
the amount provided by the alternator. And finally, the battery 
acts a voltage stabilizer in the electrical system. In other words, 
the battery evens out the voltage spikes and prevents them from 
damaging other components in the electrical system. 

When working with lead-acid batteries, it is helpful to have a 


good understanding 


of their ratings, how to properly charge 
them, how to test them, how to maintain them, and how to 
properly store and dispose of them. 


IMPORTANT LEAD ACID BATTERY RATINGS 


Cold Cranking Amperes (CCA) Rating: In our vehicles, a primary 
function of the battery is to provide power to crank the engine 
during starting. This process requires a large discharge of 
amperes from the battery over a short period of time. Since the 
ability of lead-acid batteries to deliver large amounts of current 
declines with colder temperatures, it is important to buy a 
battery that is capable of supplying enough current 
vehicle when the 


to start your 
temperature is very cold. This is when the CCA 
rating of your vehicle’s battery becomes very important. For a 
lead-acid battery, the CCA rating is defined as the discharge load 
in amperes which a new, fully charged battery at O°F can deliver 


for 30 seconds while maintaining a minimum battery voltage of 
7.2 volts for a 12-V battery. 


Lead-acid batteries also include a 
CA rating, which is defined as the discharge load in amperes that 
a new, fully charged battery at 32°F can deliver for 30 seconds 
while maintaining a minimum battery voltage of 7.2 volts for a 
12-V battery. Notice that the CCA and CA ratings definitions are 
worded exactly the same, except that the temperatures are 
different. It should be noted that the CCA rating is the one 
typically used when comparing the cranking amp measurements 
of lead-acid batteries. 


Cranking Amperes (CA) Rating: 


Hot Cranking Amperes (HCA) Rating: The HCA rating is defined as 
the amount 


of current a lead-acid battery can provide at 80°F 
for 30 seconds while maintaining a minimum battery voltage of 
7.2\ for a 12-V battery. 


Figure 12-25 


Reserve Capacity (RC) Rating: The RC rating is defined as the 
number of minutes a lead acid-battery operating at 80°F can 
deliver 25 amperes of current while maintaining a minimum 
useable battery voltage of 10.5 V for a 12-V battery. This rating 
is sometimes referred to as the batteries’ “staying power.” This 
rating is becoming increasingly more important with lead-acid 
batteries because it tells us how long the battery can power the 
vehicle’s electrical system in the event that the alternator 
should fail. 

Fig. 12-25 shows the top view of a typical lead-acid battery 
used in an automobile. Notice the battery has a CA rating of 725 
and a CCA rating of 580. It is interesting to note that the CA 
rating of a lead-acid battery is typically about 1.25 times greater 
than its CCA rating. 


CHARGING A LEAD-ACID BATTERY 
A lead-acid battery should be charged if: 


a. Ahydrometer reading indicates the specific gravity of the 
electrolyte is at or below 1.225. 


b. The open-circuit voltage measures less than 12.4 volts. 


As a guideline, Table 12-6 shows the relationship between a 
battery’s open-circuit voltage and its state of charge. 


Table 12-6 Open-Circuit Voltage Test 


Battery Voltage 
12.6V 
12.4V 
12.2V 
12.0 V 
11.8V 
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Specific Gravity State of Charge 
1265 100% 
1225 15% 
1.190) 50% 
1.155 25% 
1120 0% 
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Sarah Schultz Photography 


Here is a list of tips to follow when charging batteries: 


1. Carefully read and follow the instructions that come with 
the charger you are using to avoid serious injury, property 
damage, and/or battery damage. 


2. Unplug the charger before connecting or disconnecting a 
battery to avoid dangerous sparks which can cause the 
battery to explode. 


3. Never leave a battery charge for more than 48 hours to 
avoid damaging the battery by overcharging. If gassing or 
spewing of electrolyte occurs, or if the battery case feels 
hot, reduce or temporarily halt charging to avoid damaging 
the battery. 


4. Stop charging the battery when the hydrometer or open- 
circuit voltage readings recorded two hours apart indicate 
no increase. Further charging would be useless and may 
damage the battery and in turn shorten its life. If the 

battery will not take a full charge, it needs to be replaced. 


5. Always leave the filler caps in place and make sure they are 
tight and secure to reduce the risk of battery explosion and 
serious injury! 


6. Never attempt to charge a frozen battery! To avoid 
explosion and serious injury, allow it to warm to 60°F 
before charging. 


7. Always wear safety glasses when working around batteries. 
Also, keep sparks, flames, and cigarettes away from batteries 
at all times. Batteries can explode! 


TESTING A BATTERY 


Measuring the no-load voltage and/or checking the specific 
gravity of the electrolyte will indicate whether or not your 
battery needs charging, but these tests alone do not tell us if 
the battery can hold or maintain a charge. A battery can be 
fully charged but be so weak that it is unable to supply the 
current required to start your vehicle. The best way to 
determine the overall condition of a battery is to test it with a 
oad tester. (A load tester is a commercially available piece of 
test equipment that is used for testing the condition of a 
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battery.) Before running a load test, make sure the battery is at 
or near full charge. If it is not, the results of the load test will be 
inaccurate. The load tester should be set to draw a current 
from the battery equal to one-half the battery’s CCA rating. 
The load test only lasts for 15 seconds. After 15 seconds, the 
battery’s terminal voltage must be at or above 9.6 V. If the 
battery voltage is less than 9.6 V after 15 seconds, the battery 
needs to be replaced. If the battery voltage is greater than 
9.6 V, the battery is good. 


STORAGE 


Batteries that are not in use must be cared for to extend both 
battery life and reliability: 


1. Disconnect the cables of an unused battery to avoid self- 
discharge due to any electronic device(s) that may be 
drawing current when the vehicle is not turned on or 
running. 


2. When placing a battery into storage, be sure the battery is 
fully charged. Also, be sure to maintain the battery at or 

above 75% of full charge while in storage. (See Table 12-6.) 
Also, check the state of charge every 90 days and recharge 


the battery if necessary. 


3. Ideally, store the batteries in a cool, dry place with 
temperatures not below 32°F or above 80°F. Typically, 


batteries will self-discharge at faster rates at higher 
temperatures. 
DISPOSAL 


All rechargeable batteries must be disposed of properly, through 
approved recycling facilities. Lead-acid batteries are virtually 
100% recyclable. If you are replacing an old lead-acid battery 
with a new one, be sure to inquire about where and how to 
dispose of your old battery. In most cases, the retailer where you 
purchase your new battery will take the old one off your hands at 


no extra expense. In most states, it is illegal to discard a battery 
by simply throwing it in the trash. Be environmentally 
conscientious and recycle your batteries! 
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Summary 


A voltaic cell consists of two 
different conductors as electrodes 
immersed in an electrolyte. The 
voltage output depends only on the 
chemicals in the cell. The current 
capacity increases with larger sizes. 
A primary cell cannot be recharged. 
A secondary or storage cell can be 
recharged. 


A battery is a group of cells in series 
or in parallel. With cells in series, 
the voltages add, but the current 
capacity is the same as that of one 
cell. With cells in parallel, the 
voltage output is the same as that 
of one cell, but the total current 
capacity is the sum of the individual 
values. 


The carbon-zinc dry cell is a 
common type of primary cell. Zinc is 


Important Terms 


Ampere-hour (Ath) rating — a common 
rating for batteries that indicates 

how much load current a battery 

can supply during a specified 
discharge time. For example, a 
battery with a 100 Ath rating can 
deliver 1 A for 100 h,2A for 50h,4A 
for 25 h, etc. 


Battery — a device containing a group 
of individual voltaic cells that provides 
a constant or steady DC voltage at its 
output terminals. 


Charging — the process of reversing the 
current, and thus the chemical action, 
in a cell or battery to re-form the 
electrodes and the electrolyte. 


Constant-current generator — a 
generator whose internal resistance 
is very high compared with the load 
resistance. Because its internal 
resistance is so high, it can supply 
constant current to a load whose 
resistance value varies over a wide 
range. 


Constant-voltage generator — a gen- 
erator whose internal resistance is 
very low compared with the load 
resistance. Because its internal 
resistance is so low, it can supply 


Related Formulas 
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the negative electrode; carbon is the 
positive electrode. Its output 
voltage is approximately 1.5 V. 


The lead-acid cell is the most 
common form of storage battery. 
The positive electrode is lead 
peroxide; spongy lead is the 
negative electrode. Both areina 
dilute solution of sulfuric acid as the 


electrolyte. The voltage output is 
approximately 2.1 V per cell. 


To charge a lead-acid battery, 
connect it to a DC voltage equal to 
approximately 2.5 V per cell. 
Connecting the positive terminal of 
the battery to the positive side of 
the charging source and the 
negative terminal to the negative 
side results in charging current 
through the battery. 


constant voltage to a load whose 
resistance value varies over a wide 
range. 


Discharging — the process of 
neutralizing the separated charges on 
the electrodes of a cell or battery as a 
result of supplying current to a load 
resistance. 


Float charging — a method of charging 
in which the charger and the battery 
are always connected to each other 
to supply current to the load. With 
this method, the charger provides the 
current for the load and the current 
necessary to keep the battery fully 
charged. 


Fuel cell — an electrochemical device 
that converts hydrogen and oxygen 
into water and produces electricity. 
A fuel cell provides a steady DC 
output voltage that can power 
motors, lights, or other appliances. 
Unlike a regular battery, however, a 
fuel cell has chemicals constantly 
flowing into it so it never goes dead. 


Hydrometer — a device used to check 
the state of charge of a cell within a 
lead-acid battery. 


V = Specific gravity + 0.84 


The nickel-cadmium cell is 
rechargeable and has an output of 
1.2V. 


A constant-voltage generator has 
very low internal resistance. 


A constant-current generator has 
very high internal resistance. 


Any generator has an internal 
resistance r. With load current /,, the 
internal / r, drop reduces the voltage 
across the output terminals. When /, 
makes the terminal voltage drop to 
one-half the no-load voltage, the 
external R, equals the internal r. 


Matching a load to a generator 
means making the R, equal to the 
generator’s r. The result is maximum 
power delivered to the load from the 
generator. 


Internal resistance, r, — the resistance 
inside a voltage source that limits the 
amount of current it can deliver to a 
load. 


Open-circuit voltage — the voltage 
across the output terminals of a 
voltage source when no load is 
present. 


Primary cell — a type of voltaic cell that 
cannot be recharged because the 
internal chemical reaction to restore 
the electrodes is not possible. 


Secondary cell — a type of voltaic cell 
that can be recharged because the 
internal chemical reaction to restore 
the electrodes is possible. 


Specific gravity — the ratio of the weight 
of a volume of a substance to that of 
water. 


Storage cell — another name for a 
secondary cell. 


Voltaic cell — a device that converts 
chemical energy into electric energy. 
The output voltage of a voltaic cell 
depends on the type of elements used 
for the electrodes and the type of 
electrolyte. 
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Self-Test 


Answers at the back of the book. 


1. Which of the following cells is not a 


primary cell? 
a. carbon-zinc. 
b. alkaline. 


c. zinc chloride. 


d. lead-acid. 


2. The DC output voltage of a C-size 


alkaline cell is 
a.1.2V. 
b.1.5V. 

Geel Vv; 

d. about 3 V. 


3. Which of the following cells is a 
secondary cell? 


a. silver oxide. 
b. lead-acid. 
c. nickel-cadmium. 


d. both b and c. 


4. What happens to the internal 


resistance, r, of a voltaic cell as the 


cell deteriorates? 
a. It increases. 


b. It decreases. 


c. decrease the voltage output. 


d. decrease the internal resistance. 


. Cells are connected in parallel to 


a. increase the current capacity. 
b. increase the voltage output. 
c. decrease the voltage output. 


d. decrease the current capacity. 


. Five D-size alkaline cells in series 


have a combined voltage of 
a. 1.5 V. 

b. 5.0 V. 

ç: 73M, 

d. 11.0V. 


. The main difference between a 


primary cell and a secondary cell is 
that 


a. a primary cell can be recharged 
and a secondary cell cannot. 


b. a secondary cell can be recharged 
and a primary cell cannot. 


c. a primary cell has an unlimited shelf 


ife and a secondary cell does not. 


d. primary cells produce a DC 
voltage and secondary cells 
produce an AC voltage. 


c. It stays the same. 10. A constant-voltage source 
d. It usually disappears. a. has very high internal resistance. 
b. supplies constant-current to any 
5. The DC output voltage of a lead-acid oad resistance. 
cell is F : 
c. has very low internal resistance. 
a.1.35V. 
d. none of the above. 
b.1.5V. 
c.2.1V. 11.Aconstant-current source 
d. about 12 V. a. has very low internal resistance. 
b. supplies constant current to a 
6. Cells are connected in series to wide range of load resistances. 
a. increase the current capacity. c. has very high internal resistance. 
b. increase the voltage output. d. both b and c. 
Essay Questions 
1. What is the advantage of connecting cells in series? 3: 


2. (a) Whatis the advantage of connecting cells in 


parallel? 


(b) Why can the load be connected across any one of 


the parallel cells? 


Batteries 


12. 


13. 


14. 


15. 


The output voltage of a battery 
drops from 6.0 V with no load 
to 5.4 V with a load current of 
50 mA. How much is the internal 
resistance, r;? 


a.12Q. 
b. 108 Q. 
c.120Q. 


d. It cannot be determined. 


Maximum power is transferred 
from a generator to a load when 


aR =r. 
b. R, is maximum. 
c. R is minimum. 


d. R is 10 or more times the value 
of r. 


What is the efficiency of power 
transfer for the matched load 
condition? 


a. 100%. 
b. O%. 
c. 50%. 


d. It cannot be determined. 


The internal resistance of a battery 


a. cannot be measured with an 
ohmmeter. 


b. can be measured with an 
ohmmeter. 


c. can be measured indirectly by 
determining how much the output 
voltage drops for a given load 
current. 


d. both a and c. 


How many cells are necessary in a battery to double the 


voltage and current ratings of a single cell? Show the 


wiring diagram. 


4. Drawa diagram showing two 12-V lead-acid batteries 


being charged by a 15-V source. 
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5. Why is a generator with very low internal resistance 
called a constant-voltage source? 


6. Why does discharge current lower the specific gravity in 
a lead-acid cell? 


7. Would you consider the lead-acid battery a constant- 
current source or a constant-voltage source? Why? 


8. List five types of chemical cells, giving two features of 
each. 


Problems 


SECTION 12-6 SERIES-CONNECTED AND 
PARALLEL-CONNECTED CELLS 


In Probs. 12-1 to 12—5, assume that each individual cell is 

identical and that the current capacity for each cell is not 

being exceeded for the load conditions presented. 

12-1 In Fig. 12—26, solve for the load voltage, V,, the load 
current, /,, and the current supplied by each cell in the 
battery. 


Figure 12-26 


R,=100Q 


12-2 Repeat Prob. 12-1 for the circuit in Fig. 12-27. 


Figure 12-27 


R,=249 
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9. Referring to Fig. 12-215, draw the corresponding graph 
that shows how / varies with R,. 


10. Referring to Fig. 12—22b, draw the corresponding graph 
that shows how V, varies with R.. 


11. Referring to Fig. 12—24c, draw the corresponding graph 
that shows how V, varies with R,. 


12-3 Repeat Prob. 12-1 for the circuit in Fig. 12-28. 


Figure 12-28 


R,=25Q 


12-4 Repeat Prob. 12-1 for the circuit in Fig. 12-29. 


Figure 12-29 


R =10Q 
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12-5 Repeat Prob. 12-1 for the circuit in Fig. 12-30. 


Figure 12-30 


R,=109 


SECTION 12-8 INTERNAL RESISTANCE OF A 
GENERATOR 


12-6 With no load, the output voltage of a battery is 9 V. 
If the output voltage drops to 8.5 V when supplying 
50 mA of current to a load, how much is its internal 
resistance? 


12-7 The output voltage of a battery drops from 6 V with no 
load to 5.2 V with a load current of 400 mA. Calculate 
the internal resistance, r. 


12-8 A 9-V battery has an internal resistance of 
0.6 Q. How much current flows from the 9-V battery in 
the event of a short circuit? 

12-9 A1.5-V “AA” alkaline cell develops a terminal voltage 

of 1.35 V while delivering 25 mA to a load resistance. 

Calculate r. 


12-10 Refer to Fig. 12-31. With S, in position 1, V= 50V. 
With S in position 2, V = 37.5 V. Calculate r. 


Figure 12-31 


R =75Q 


12-11 A generator has an open-circuit voltage of 18 V. Its 
terminal voltage drops to 15 V when a 75-Q load is 
connected. Calculate r,. 


SECTION 12-9 CONSTANT-VOLTAGE AND 
CONSTANT-CURRENT SOURCES 


12-12 Refer to Fig. 12-32. If n = 0.01 Q, calculate /, and V, 
for the following values of load resistance: 


aR =1Q. 
b. R=5Q. 
c R.=10Q. 
d. R =100Q. 


Batteries 


Figure 12-32 


12-13 Refer to Fig. 12-32. If n = 10 MQ, calculate /, and V, 
for the following values of load resistance: 


a. R, =0Q. 
b. R, =100Q. 
c. R =1kQ. 

d. R =100kQ. 


12-14 Redraw the circuit in Fig. 12-33 using the symbol for 
a current source. 


Figure 12-33 


r=5MQ 


SECTION 12-10 MATCHING A LOAD RESISTANCE 
TO THE GENERATOR, r, 


12-15 Refer to Fig. 12-34. Calculate /,, V, Pi, Pr, and percent 
efficiency for the following values of R: 


a. R.=10Q. 

b. R, =25Q. 

c. R =50Q. 

d. R =75Q. 

e. R =100Q. 
Figure 12-34 


r=50Q 
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12-16 In Prob. 12-15, what value of R, provides , 
: Figure 12-35 
a. the highest load voltage, V,? 

b. the smallest voltage drop across the 50-Q r? = 82 
c. the maximum transfer of power? 


d. the maximum efficiency? 


12-17 In Fig. 12-35, 
a. What value of R, will provide maximum transfer of 


power from generator to load? 


b. What is the load power for the matched load 
condition? 


c. What percentage of the total power is delivered to 
R when R, =r? 


Critical Thinking 


12-18 In Fig. 12-36, calculate (a) V,, (b) /,, and (c) the 12-19 In Fig. 12-37, calculate (a) the value of R, for which 
current supplied to R, by each separate voltage source. the maximum transfer of power occurs; (b) the 
Hint: Apply Millman’s theorem. maximum power delivered to R,. 


Figure 12-36 Circuit diagram for Critical Thinking Prob. 12-18. 


Figure 12-37 Circuit diagram for Critical Thinking Prob. 12-19. 


R, = 20 Q R,=15Q 


Answers to Self-Reviews 12-1 a. 15V 12-6 a. six, six 
b. 2.1V b. two 
c. secondary c. twelve 
12-2 a. true 12-7 a. false 
b. true b. true 
c. false 
12-8 a. false 
12-3 a. alkaline b. true 
b. alkaline c. true 
c. sizeC d. true 
d. silver oxide 
12-9 a. low 
12-4 a. six b. high 
b: 15A 
c. 1.280 12-10 a. true 
b. true 
12-5 a. false 
b. true 
c. true 
d. true 
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Laboratory Application Assignment 


In this lab application assignment, you will experimentally 
determine the internal resistance, r, of a DC voltage source. 
You will measure the no-load and full-load voltages and use 
Ohm’s law to determine the load current. 


Equipment: Obtain the following items from your instructor. 
+ Variable DC voltage source 


e SPDT switch 
* Assortment of carbon-film resistors 
< DMM 


* Black electrical tape 


Internal Resistance, r, 


Have either your instructor or another student select a resistor 
whose value lies between 50 Q and 500 Q. You should not be 
allowed to see what its value is. The person who selected the 
resistor should cover it with black electrical tape so its value 
cannot be seen. 


Construct the circuit in Fig. 12—38. The internal resistance, r is 
the resistor covered with black electrical tape. Note that the 
DMM is connected between points A and B. 


With the switch in position 1, record the voltage indicated by the 
DMM. This value is the no-load voltage, Vy. Vne = 


Move the switch to position 2, and record the voltage indicated 
by the DMM. This value is the full-load voltage, V,,. Va, = ——_. 


Calculate and record the load current, /,./, = 


Based on your values of Vi, Vp and /,, calculate and record the 
internal resistance, r,. r= 


Remove the resistor, r, from the circuit, and measure its value 
with a DMM. Record the measured value. r = 


How does the measured value of r, compare to the value 
determined experimentally? 


Can the internal resistance of a generator be measured directly 


with an ohmmeter? If not, why? 


Describe another experimental procedure that could be used to 
determine the internal resistance, r, in Fig. 12-38. 


Figure 12-38 


r, (unknown) A A 


R =1kQ 


Cumulative Review Summary (Chapters 11-12) 


e A conductor is a material whose 


resistance is very low. Some examples 
of good conductors are silver, copper, 
and aluminum; copper is generally 
used for wire. An insulator is a 
material whose resistance is very 
high. Some examples of good 
insulators include air, mica, rubber, 
porcelain, and plastics. 


The gage sizes for copper wires are 
listed in Table 11-1. As the gage sizes 
increase from 1 to 40, the diameter 
and circular area decrease. Higher 
gage numbers correspond to thinner 
wire. 


For switches, the term pole refers to 
the number of completely isolated 
circuits that can be controlled by 

the switch. The term throw refers to 
the number of closed-contact 
positions that exist per pole. A switch 


Batteries 


can have any number of poles and ° 


throws. 


A good fuse has very low resistance, 
with an /R voltage of practically zero. 
An open fuse has nearly infinite 
resistance. If an open fuse exists in a 
series circuit or in the main line of a 
parallel circuit, its voltage drop equals 
the applied voltage. 


The resistance of a wire is directly 
proportional to its length and 
inversely proportional to its cross- 
sectional area. 


All metals in their purest form have 
positive temperature coefficients, 
which means that their resistance 
increases with an increase in 
temperature. Carbon has a negative 
temperature coefficient, which means 
that its resistance decreases as the 
temperature increases. 


An ion is an atom that has either 
gained or lost electrons. A negative 
ion is an atom with more electrons 
than protons. Conversely, a positive 
ion is an atom with more protons than 
electrons. lons can move to provide 
electric current in liquids and gases. 
The motion of ions is called ionization 
current. 


A battery is a combination of 
individual voltaic cells. A primary cell 
cannot be recharged, whereas a 
secondary cell can be recharged 
several times. The main types of cells 
for batteries include alkaline, silver 
oxide, nickel-cadmium, lithium, and 
lead-acid. 

With individual cells in series, the 
total battery voltage equals the sum 
of the individual cell voltages. This 
assumes that the cells are connected 
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in a series-aiding manner. The current 
rating of the series-aiding cells is the 
same as that for the cell with the 
lowest current rating. 


With individual cells in parallel, the 
voltage is the same as that across one 
cell. However, the current rating of 
the combination equals the sum of the 
individual current-rating values. Only 


Cumulative Self-Test 


Answers at the back of the book. 


1. Which of the following is the 
best conductor of electricity? 
(a) carbon; (b) silicon; (c) rubber; 
(d) copper. 


. Which of the following wires has the 
largest cross-sectional area? 
(a) No. 28 gage; (b) No. 23 gage; 
(©) No. 12 gage; (d) No. 16 gage. 


. The filament of a lightbulb measures 
2.5 Q when cold. With 120 V applied 
across the filament, the bulb 
dissipates 75 W of power. What is 
the hot resistance of the bulb? 

(a) 192 Q; (b) 0.625 Q; (o) 2.5 Q; 
(d 47 Q. 


. A DPST switch has how many 
terminal connections for soldering? 


(a) 3; $) 1; © 4; (d) 6. 


Design credit Multisim: ©Stockbyte/Getty Images 
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cells that have the same voltage 
should be connected in parallel. 


All types of DC and AC generators 
have an internal resistance r,. The 
value of r, may be the resistance of 
the electrolyte in a battery or the wire 
in a rotary generator. 


When a generator supplies current to 
a load, the terminal voltage drops 


. Which of the following materials has 


a negative temperature coefficient? 
(a) steel; (b) carbon; (c) tungsten; (d) 
Nichrome. 


. The /R voltage across a good fuse 


equals (a) the applied voltage; 
(b) one-half the applied voltage; 
(o infinity; (d) zero. 


. A battery has a no-load voltage of 


9 V. Its terminal voltage drops to 
8.25 V when a load current of 

200 mA is drawn from the battery. 
The internal resistance r, equals 

(a) 0.375 Q; (b) 3.75 Q; (c) 41.25 Q; 
(d 45 Q. 


. When R, =r, (a) maximum voltage is 


across R,; (b) maximum power 

is delivered to R,; (œ the efficiency is 
100%; (d) the minimum power is 
delivered to R,. 


because some voltage is dropped 
across the internal resistance r.. 


atching a load to a generator 
means making R, equal to r. When 
R =r, maximum power is delivered 
from the generator to the load. 

A constant-voltage source has very 


ow internal r, whereas a constant- 
current source has very high internal r. 


9. Aconstant-current source has 


(a) very high internal resistance; 

(b) constant output voltage; (c) very 
low internal resistance; (d) output 
voltage that is always zero. 


10. Cells can be connected in 


series-parallel to (a) increase the 
voltage above that of a single cell; 
(b) increase the current capacity 
above that of a single cell; (c) reduce 
the voltage and current rating 
below that of a single cell; (d) both 
(a) and (b). 
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Magnetism 


he phenomenon known as magnetism was first discovered by the ancient 

Greeks in about 100 BC. Then it was observed that a peculiar stone had the 
property of attracting small fragments of iron to itself. The peculiar stone was 
called a lodestone, and the power of attraction it possessed was called magnetism. 
Any material possessing the property of magnetism is a magnet. Every magnet has 
both a north (N) pole and a south (S) pole. Just as “like” electric charges repel each 
other and “unlike” charges attract, “like” magnetic poles repel each other and 
“unlike” poles attract. The discovery of natural magnets led to the invention of the 
compass, which is a direction-finding device. Since the earth itself is a huge natural 
magnet, a freely suspended magnet will align itself with the North and South 
magnetic Poles of the earth. 


Every magnet has invisible magnetic field lines that extend outward from the 
magnetic poles. The number of magnetic field lines and their concentration can be 
measured with special test equipment. In this chapter, you will be introduced to the 
basic units for magnetic fields. You will also learn about the different types of 


magnets and how magnetic materials are classified. E 


P hapter outline 


13-1 The Magnetic Field 13-6 Types of Magnets 
13-2 Magnetic Flux (A) 13-7 Ferrites 

13-3 Flux Density (B) 13-8 Magnetic Shielding 
13-4 Induction by the Magnetic Field 13-9 The Hall Effect 


13-5 Air Gap of a Magnet 


After studying this chapter, you should be able to 


Œ Describe the magnetic field surrounding a Æ Explain the difference between a bar magnet 
magnet. and an electromagnet. 

@ Define the units of magnetic flux and flux density. m List the three classifications of magnetic 

™ Convert between magnetic units. materials. 

m™ Describe how an iron bar is magnetized by m Explain the electrical and magnetic 
imductiond. properties of ferrites. 

B® Define the term relative permeability. m Describe the Hall effect. 


Curie temperature flux density (B) maxwell (Mx) tesla (1) 
diamagnetic gauss (G) paramagnetic toroid 
electromagnet Hall effect permanent magnet weber (Wb) 
ferrite induction relative permeability 

ferromagnetic magnetic flux (h) (u) 
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Figure 13-1 Poles of a magnet. 
(a) Electromagnet (EM) produced by 
current from a battery. (b) Permanent 
magnet (PM) without any external 
source of current. 


North 
pole 


South 
pole 


South 
pole 


(b) 


GOOD TO KNOW 


Magnetic field lines never cross 
each other but instead push 


apart from each other. 
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13-1 The Magnetic Field 


As shown in Figs. 13—1 and 13-2, the north and south poles of a magnet are the 
points of concentration of magnetic strength. The practical effects of this ferromag- 
netism result from the magnetic field of force between the two poles at opposite 
ends of the magnet. Although the magnetic field is invisible, evidence of its force 
can be seen when small iron filings are sprinkled on a glass or paper sheet placed 
over a bar magnet (Fig. 13—2a). Each iron filing becomes a small bar magnet. If the 
sheet is tapped gently to overcome friction so that the filings can move, they become 
aligned by the magnetic field. 

Many filings cling to the ends of the magnet, showing that the magnetic field is 
strongest at the poles. The field exists in all directions but decreases in strength with 
increasing distance from the poles of the magnet. 


Field Lines 


To visualize the magnetic field without iron filings, we show the field as lines of 
force, as shown in Fig. 13—2b. The direction of the lines outside the magnet shows 
the path a north pole would follow in the field, repelled away from the north pole of 
the magnet and attracted to its south pole. Although we cannot actually have a unit 
north pole by itself, the field can be explored by noting how the north pole on a 
small compass needle moves. 

The magnet can be considered the generator of an external magnetic field, 
provided by the two opposite magnetic poles at the ends. This idea corresponds to 
the two opposite terminals on a battery as the source of an external electric field 
provided by opposite charges. 

Magnetic field lines are unaffected by nonmagnetic materials such as air, vac- 
uum, paper, glass, wood, or plastics. When these materials are placed in the mag- 
netic field of a magnet, the field lines are the same as though the material were not 
there. 

However, the magnetic field lines become concentrated when a magnetic sub- 
stance such as iron is placed in the field. Inside the iron, the field lines are more 
dense, compared with the field in air. 


North and South Magnetic Poles 


The earth itself is a huge natural magnet, with its greatest strength at the North and 
South Poles. Because of the earth’s magnetic poles, if a small bar magnet is 
suspended so that it can turn easily, one end will always point north. This end of the 
bar magnet is defined as the north-seeking pole, as shown in Fig. 13—3a. The 
opposite end is the south-seeking pole. When polarity is indicated on a magnet, the 
north-seeking end is the north pole (N) and the opposite end is the south pole (S). It 
is important to note that the earth’s geographic North Pole has south magnetic 


Figure 13-2 Magnetic field of force around a bar magnet. (a) Field outlined by iron filings. 
(b) Field indicated by lines of force. 


Lines of force 
~~ 


Glass 


Iron filings 


Magnet 


(a) (b) 
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Figure 13-3 Definition of north and south poles of a bar magnet. (a) North pole on bar magnet points to geographic North Pole of the 
earth. (b) Earth’s magnetic field. 


Geographic North Pole 


Magnetic south pole , 


Geographic North Pole 


Compass 
needle 


West East 


x , 
Geographic South Pole Geographic South Pole Magnetic north pole 


(a) (b) 


polarity and the geographic South Pole has north magnetic polarity. This is shown 
in Fig. 13-3b. 

Similar to the force between electric charges is the force between magnetic poles 
causing attraction of opposite poles and repulsion between similar poles: 


1. A north pole (N) and a south pole (S) tend to attract each other. 
2. A north pole (N) tends to repel another north pole (N), and a south pole 
(S) tends to repel another south pole (S). 


These forces are illustrated by the fields of iron filings between opposite poles in 
Fig. 13—4a and between similar poles in Fig. 13—4b. 


Figure 13-4 Magnetic field patterns produced by iron filings. (a) Field between opposite poles. The north and south poles 
could be reversed. (b) Field between similar poles. The two north poles could be south poles. 


1986 Richard Megna - Fundamental Photographs, NYC 
1986 Richard Megna - Fundamental Photographs, NYC 


(a) (b) 
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PIONEERS 
IN ELECTRONICS 


Physicist James Clerk Maxwell 
(1831-1879) unified scientific 
theories of electricity and 
magnetism into a unified theory of 
the electromagnetic field. In 1865, 
Maxwell proved that 
electromagnetic phenomena travel 
in waves at the speed of light. In 
1873, he went on to state that light 


itself is an electromagnetic wave. 
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E 73-1 Self-Review 


Answers at the end of the chapter. 


a. Ona magnet, the north-seeking pole is labeled N. (True/False) 
b. Like poles have a force of repulsion. (True/False) 


13-2 Magnetic Flux (@) 


The entire group of magnetic field lines, which can be considered flowing outward 
from the north pole of a magnet, is called magnetic flux. Its symbol is the Greek 
letter # (phi). A strong magnetic field has more lines of force and more flux than a 
weak magnetic field. 


The Maxwell 


One maxwell (Mx) unit equals one magnetic field line. In Fig. 13-5, as an example, 
the flux illustrated is 6 Mx because there are six field lines flowing in or out for each 
pole. A 1-lb magnet can provide a magnetic flux @ of about 5000 Mx. This unit is 
named after James Clerk Maxwell (1831-1879), an important Scottish mathemati- 
cal physicist, who contributed much to electrical and field theory. 


The Weber 


This is a larger unit of magnetic flux. One weber (Wb) equals 1 x 108 lines or 
maxwells. Since the weber is a large unit for typical fields, the microweber unit 
can be used. Then 1 uWb = 10% Wb. This unit is named after Wilhelm Weber 
(1804-1890), a German physicist. 

To convert microwebers to lines or maxwells, multiply by the conversion factor 
108 lines per weber, as follows: 


_ 6 g lines 
1 uWb = 1 x 10° Wb x 10 “Wb. 


= 1 x 10 lines 
luWb = 100 lines or Mx 


Note that the conversion is arranged to make the weber units cancel, since we want 
maxwell units in the answer. 

Even the microweber unit is larger than the maxwell unit. For the same 
1-Ib magnet, a magnetic flux of 5000 Mx corresponds to 50 uWb. The calculations 
for this conversion of units are 


5000 Mx 


100 Mx/uWb ~ 90 HWD 


Figure 13-5 Total flux @ is six lines or 6 Mx. Flux density B at point P is two 
lines per square centimeter or 2 G. 
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IN ELECTRONICS 
In 1833, Carl Friedrich Gauss 
(1777-1855) (shown in the photo) 
and Wilhelm Eduard Weber (1804-1890) 
set up the first telegraph in 


Géttingen, Germany. They used a 
mile-long double wire strung over 
rooftops to connect their 
observatory to their lab. They used 
a magnetometer to send first 
messages of words, then sentences. 
The telegraph didn’t achieve 
widespread use until Samuel Morse 
improved the design in 1840. Gauss 
and Weber also explored Faraday’s 
newly discovered induction of 
electricity. Gauss had such an 
impact on the new science of 
electricity and magnetism that the 
cgs unit of magnetic flux density, 


the gauss, is named for him. 
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Bettmann/Getty Images 


Note that the maxwell units cancel. Also, the 1/uWb becomes inverted from the 
denominator to uWb in the numerator. 
Conversion between Units 


Converting from maxwells (Mx) to webers (Wb) or vice versa is easier if you use 
the following conversion formulas: 


_ 1 Wb 
#Wb = #Mx Xx Tx 10° Mx 

_ 1 x 10° Mx 
#Mx = #Wb X—T Wb 


Example 13-1 


Make the following conversions: (a) 25,000 Mx to Wb; (b) 0.005 Wb to Mx. 


ANSWER 
B 1 Wb 
(a) #Wb = #Mx X TTO NK 
_ 1 Wb 
= 25,000 Mx x TTO NI 


#Wb = 250 x 10-° Wb or 250 uWb 


1x 108 Mx 
1 Wb 


1x 10° Mx 
1 Wb 


#Mx = 5.0 x 10° Mx 


(b) #Mx = #Wb x 


= 0.005 Wb x 


Systems of Magnetic Units 
The basic units in metric form can be defined in two ways: 


1. The centimeter-gram-second system defines small units. This is the cgs 
system. 

2. The meter-kilogram-second system is for larger units of a more practical 
size. This is the mks system. 


Furthermore, the Système International (SI) units provide a worldwide standard in 
mks dimensions. They are practical values based on the ampere of current. 

For magnetic flux @, the maxwell (Mx) is a cgs unit, and the weber (Wb) is an 
mks or SI unit. The SI units are preferred for science and engineering, but the cgs 
units are still used in many practical applications of magnetism. 


E 73-2 Self-Review 


Answers at the end of the chapter. 


The value of 2000 magnetic lines is how much flux in 
a. maxwell units? 
b. microweber units? 
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13-3 Flux Density (B) 


As shown in Fig. 13-5, the flux density is the number of magnetic field lines per unit 
area of a section perpendicular to the direction of flux. As a formula, 
_¢ 
B= a (13-1) 
where ¢ is the flux through an area A and the flux density is B. 


The Gauss 


In the cgs system, this unit is one line per square centimeter, or 1 Mx/cm’. As an 
example, in Fig. 13-5, the total flux ¢ is six lines, or 6 Mx. At point P in this field, 
however, the flux density B is 2 G because there are two lines per square centimeter. 
The flux density is higher close to the poles, where the flux lines are more crowded. 
As an example of flux density, B for a 1-Ib magnet would be 1000 G at the poles. 
This unit is named after Karl F. Gauss (1777-1855), a German mathematician. 


Example 13-2 


With a flux of 10,000 Mx through a perpendicular area of 5 cm’, what is the 
flux density in gauss? 


ANSWER 

_ $ _ 10,000 Mx _ Mx 

Baas 5 = 2000 
B=2000G 


As typical values, B for the earth’s magnetic field can be about 0.2 G; a large 
laboratory magnet produces B of 50,000 G. Since the gauss is so small, kilogauss 
units are often used, where 1 kG = 10° G. 


The Tesla 


In SI, the unit of flux density B is webers per square meter (Wb/m7). One weber per 

square meter is called a tesla, abbreviated T. This unit is named for Nikola Tesla 

(1856-1943), a Yugoslav-born American inventor in electricity and magnetism. 
When converting between cgs and mks units, note that 


1 m = 100 cm or 1x10 cm 
1 m? = 10,000 cm? or 10*cm? 


These conversions are from the larger m (meter) and m? (square meter) to the smaller 
units of cm (centimeter) and cm? (square centimeter). To go the opposite way, 


1 cm = 0.01 m or 1x10°m 
1 cm? = 0.0001 m? or 1x10%*m 


As an example, 5 cm? is equal to 0.0005 m? or 5 x 10~* m’. The calculations for the 
conversion are 


5 cm? x 9.0001 m? _ 0,0005 m? 
cm 
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In powers of 10, the conversion is 
5 cm? x LX 10% M L 5 x 107 m? 
cm? 


In both cases, note that the units of cm’ cancel to leave m? as the desired unit. 


Example 13-3 


With a flux of 400 uWb through an area of 0.0005 m’, what is the flux density 
B in tesla units? 


ANSWER 
$ _ 400 x 10-° Wb 


B= 5 «10 m 
400 in 
5 x 10 
= 80 x 10 Wb/m? 
B=0.80T 


The tesla is a larger unit than the gauss, as 1 T = 1 x 10° G. 
For example, the flux density of 20,000 G is equal to 2 T. The calculations for 
this conversion are 
20,000 G 22m 10°T _57 
1 x 10t G/T 1 x 10' 
Note that the G units cancel to leave T units for the desired answer. Also, the 1/T in 
the denominator becomes inverted to T units in the numerator. 


Conversion between Units 


Converting from teslas (T) to gauss (G), or vice versa, is easier if you use the 
following conversion formulas: 


2 1x 10'G 
#G =#T x IT 


IT 


#T =#G X TTG 


Example 13-4 


Make the following conversions: (a) 0.003 T to G; (b) 15,000 G to T. 


ANSWER 
a) #G=4T x 1X10G 
=0.003 Tx 1X10G 
#G =30G 
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PIONEERS 
IN ELECTRONICS 


Nikola Tesla (1856-1943) had just 


immigrated to America from 


Eastern Europe in 1884 when he 
went to work for Thomas Edison. 
Tesla wanted to develop an AC 
induction motor, but Edison didn’t 
want him working on this. Edison’s 
DC power generation plants would 
be hurt by AC competition. So 
Tesla quit to work on his own, soon 
receiving patents for AC motors, 
dynamos, and systems of 
transmission. With the backing of 
industrialist George Westinghouse, 
Tesla’s AC power was adopted in 
city after city. They even built an 
AC power plant using Niagara Falls. 
Tesla’s AC power became the 


worldwide power standard. 
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Bettmann/Getty Images 


1T 


(b) #T = 46 x re 
z iT. 
= 15,000 G x 10G 

#T=1.5T 


Comparison of Flux and Flux Density 


Remember that the flux @ includes total area, whereas the flux density B is for a 
specified unit area. The difference between ¢ and B is illustrated in Fig. 13-6 with 
cgs units. The total area A here is 9 cm’, equal to 3 cm x 3 cm. For one unit box of 
1 cm’, 16 lines are shown. Therefore, the flux density B is 16 lines or maxwells per 
square centimeter, which equals 16 G. The total area includes nine of these boxes. 
Therefore, the total flux @ is 144 lines or maxwells, equal to 9 x 16 for B x A. 

For the opposite case, if the total flux @ is given as 144 lines or maxwells, the 
flux density is found by dividing 144 by 9 cm’. This division of '*% equals 16 lines 
or maxwells per square centimeter, which is 16 G. 
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Answers at the end of the chapter. 


a. The @ is 9000 Mx through 3 cm”. How much is B in gauss units? 
b. How much is B in tesla units for h of 90 “Wb through 0.0003 m7? 


13-4 Induction by the Magnetic Field 


The electric or magnetic effect of one body on another without any physical contact 
between them is called induction. For instance, a permanent magnet can induce an 
unmagnetized iron bar to become a magnet without the two touching. The iron bar 
then becomes a magnet, as shown in Fig. 13—7. What happens is that the magnetic 
lines of force generated by the permanent magnet make the internal molecular mag- 
nets in the iron bar line up in the same direction, instead of the random directions in 


Figure 13-6 Comparison of total flux @ and flux density B. The total area of 9 cm? has 
144 lines or 144 Mx. For 1 cm?, the flux density is '“/o = 16 G. 


Area = 9 cm? 
p =B xA =16 x 9 = 144 Mx 
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Figure 13-7 Magnetizing an iron bar by induction. 
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unmagnetized iron. The magnetized iron bar then has magnetic poles at the ends, as 
a result of magnetic induction. 

Note that the induced poles in the iron have polarity opposite from the poles of 
the magnet. Since opposite poles attract, the iron bar will be attracted. Any magnet 
attracts to itself all magnetic materials by induction. 

Although the two bars in Fig. 13-7 are not touching, the iron bar is in the magnetic 
flux of the permanent magnet. It is the invisible magnetic field that links the two mag- 
nets, enabling one to affect the other. Actually, this idea of magnetic flux extending 
outward from the magnetic poles is the basis for many inductive effects in AC circuits. 
More generally, the magnetic field between magnetic poles and the electric field 
between electric charges form the basis for wireless radio transmission and reception. 


Polarity of Induced Poles 


Note that the north pole of the permanent magnet in Fig. 13-7 induces an opposite 
south pole at this end of the iron bar. If the permanent magnet were reversed, its 
south pole would induce a north pole. The closest induced pole will always be of 
opposite polarity. This is the reason why either end of a magnet can attract another 
magnetic material to itself. No matter which pole is used, it will induce an opposite 
pole, and opposite poles are attracted. 


Relative Permeability 


Soft iron, as an example, is very effective in concentrating magnetic field lines by 
induction in the iron. This ability to concentrate magnetic flux is called permeabil- 
ity. Any material that is easily magnetized has high permeability, therefore, because 
the field lines are concentrated by induction. 

Numerical values of permeability for different materials compared with air or 
vacuum can be assigned. For example, if the flux density in air is 1 G but an iron 
core in the same position in the same field has a flux density of 200 G, the relative 
permeability of the iron core equals 7, or 200. 

The symbol for relative permeability is u, (mu), where the subscript r indicates 
relative permeability. Typical values for u, are 100 to 9000 for iron and steel. There 
are no units because u, is a comparison of two flux densities and the units cancel. 
The symbol K,, may also be used for relative permeability to indicate this character- 
istic of a material for a magnetic field, corresponding to K, for an electric field. 
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Answers at the end of the chapter. 


a. Induced poles always have polarity opposite from the inducing poles. 
(True/False) 

b. The relative permeability of air or vacuum is approximately 300. 
(True/False) 
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Figure 13-8 The horseshoe magnet 
in (a) has a smaller air gap than the bar 
magnet in (b). 
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Figure 13-9 Examples of a closed 
magnetic ring without any air gap. (a) Two 
PM horseshoe magnets with opposite 
poles touching. (b) Toroid magnet. 


(b) 
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13-5 Air Gap of a Magnet 


As shown in Fig. 13—8, the air space between the poles of a magnet is its air gap. The 
shorter the air gap, the stronger the field in the gap for a given pole strength. Since 
air is not magnetic and cannot concentrate magnetic lines, a larger air gap provides 
additional space for the magnetic lines to spread out. 

Referring to Fig. 13—8a, note that the horseshoe magnet has more crowded mag- 
netic lines in the air gap, compared with the widely separated lines around the bar 
magnet in Fig. 13-8. Actually, the horseshoe magnet can be considered a bar mag- 
net bent around to place the opposite poles closer. Then the magnetic lines of the 
poles reinforce each other in the air gap. The purpose of a short air gap is to concen- 
trate the magnetic field outside the magnet for maximum induction in a magnetic 
material placed in the gap. 


Ring Magnet without Air Gap 


When it is desired to concentrate magnetic lines within a magnet, however, the 
magnet can be formed as a closed magnetic loop. This method is illustrated in 
Fig. 13-9a by the two permanent horseshoe magnets placed in a closed loop with 
opposite poles touching. Since the loop has no open ends, there can be no air gap 
and no poles. The north and south poles of each magnet cancel as opposite poles 
touch. 

Each magnet has its magnetic lines inside, plus the magnetic lines of the other 
magnet, but outside the magnets, the lines cancel because they are in opposite direc- 
tions. The effect of the closed magnetic loop, therefore, is maximum concentration 
of magnetic lines in the magnet with minimum lines outside. 

The same effect of a closed magnetic loop is obtained with the toroid or ring 
magnet in Fig. 13-95, made in the form of a doughnut. Iron is often used for the 
core. This type of electromagnet has maximum strength in the iron ring and 
little flux outside. As a result, the toroidal magnet is less sensitive to induction 
from external magnetic fields and, conversely, has little magnetic effect outside 
the coil. 

Note that, even if the winding is over only a small part of the ring, practically all 
the flux is in the iron core because its permeability is so much greater than that of 
air. The small part of the field in the air is called leakage flux. 


Keeper for a Magnet 


The principle of the closed magnetic ring is used to protect permanent magnets in 
storage. In Fig. 13—-10a, four permanent-magnet bars are in a closed loop, while 
Fig. 13-106 shows a stacked pair. Additional even pairs can be stacked this way, 
with opposite poles touching. The closed loop in Fig. 13—10c shows one permanent 
horseshoe magnet with a soft-iron keeper across the air gap. The keeper maintains 
the strength of the permanent magnet as it becomes magnetized by induction to 
form a closed loop. Then any external magnetic field is concentrated in the closed 
loop without inducing opposite poles in the permanent magnet. If permanent mag- 
nets are not stored this way, the polarity can be reversed with induced poles pro- 
duced by a strong external field from a DC source; an alternating field can 
demagnetize the magnet. 
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Answers at the end of the chapter. 


a. A short air gap has a stronger field than a large air gap for the same 
magnetizing force. (True/False) 
b. A toroid is made in the form of a doughnut. (True/False) 
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Figure 13-10 Storing permanent 
magnets in a closed loop, with opposite 
poles touching. (a) Four bar magnets. 
(b) Two bar magnets. (c) Horseshoe 
magnet with iron keeper across air gap. 
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Figure 13-11 Electromagnet holding a 
nail when switch S is closed for current in 
the coil. 
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Figure 13-12 Example of a PM 
loudspeaker. 
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13-6 Types of Magnets 


The two broad classes are permanent magnets and electromagnets. An electromag- 
net needs current from an external source to maintain its magnetic field. With a 
permanent magnet, not only is its magnetic field present without any external cur- 
rent, but the magnet can also maintain its strength indefinitely. Sharp mechanical 
shock as well as extreme heat, however, can cause demagnetization. 


Electromagnets 


Current in a wire conductor has an associated magnetic field. If the wire is wrapped 
in the form of a coil, as in Fig. 13—11, the current and its magnetic field become 
concentrated in a smaller space, resulting in a stronger field. With the length much 
greater than its width, the coil is called a solenoid. It acts like a bar magnet, with 
opposite poles at the ends. 

More current and more turns make a stronger magnetic field. Also, the iron core 
concentrates magnetic lines inside the coil. Soft iron is generally used for the core 
because it is easily magnetized and demagnetized. 

The coil in Fig. 13—11, with the switch closed and current in the coil, is an elec- 
tromagnet that can pick up the steel nail shown. If the switch is opened, the magnetic 
field is reduced to zero, and the nail will drop off. This ability of an electromagnet 
to provide a strong magnetic force of attraction that can be turned on or off easily 
has many applications in lifting magnets, buzzers, bells or chimes, and relays. A 
relay is a switch with contacts that are opened or closed by an electromagnet. 

Another common application is magnetic tape recording. The tape is coated with 
fine particles of iron oxide. The recording head is a coil that produces a magnetic 
field in proportion to the current. As the tape passes through the air gap of the head, 
small areas of the coating become magnetized by induction. On playback, the mov- 
ing magnetic tape produces variations in electric current. 


Permanent Magnets 


These are made of hard magnetic materials, such as cobalt steel, magnetized by 
induction in the manufacturing process. A very strong field is needed for induction 
in these materials. When the magnetizing field is removed, however, residual induc- 
tion makes the material a permanent magnet. A common PM material is alnico, a 
commercial alloy of aluminum, nickel, and iron, with cobalt, copper, and titanium 
added to produce about 12 grades. The Alnico V grade is often used for PM loud- 
speakers (Fig. 13—12). In this application, a typical size of PM slug for a steady 
magnetic field is a few ounces to about 5 Ib, with a flux @ of 500 to 25,000 lines or 
maxwells. One advantage of a PM loudspeaker is that only two connecting leads are 
needed for the voice coil because the steady magnetic field of the PM slug is 
obtained without any field-coil winding. 

Commercial permanent magnets will last indefinitely if they are not subjected to 
high temperatures, physical shock, or a strong demagnetizing field. If the magnet 
becomes hot, however, the molecular structure can be rearranged, resulting in loss 
of magnetism that is not recovered after cooling. The point at which a magnetic 
material loses its ferromagnetic properties is the Curie temperature. For iron, this 
temperature is about 800°C, when the relative permeability drops to unity. A perma- 
nent magnet does not become exhausted with use because its magnetic properties 
are determined by the structure of the internal atoms and molecules. 


Classification of Magnetic Materials 


When we consider materials simply as either magnetic or nonmagnetic, this divi- 
sion is based on the strong magnetic properties of iron. However, weak magnetic 


407 


GOOD TO KNOW 


A strong magnet will not attract 
a diamagnetic material at all, 
but it will slightly attract a 
paramagnetic material. Try 
doing this yourself for some of 
the paramagnetic and 


diamagnetic materials listed. 
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materials can be important in some applications. For this reason, a more exact 
classification includes the following three groups: 


1. Ferromagnetic materials. These include iron, steel, nickel, cobalt, and 
commercial alloys such as alnico and Permalloy. They become strongly 
magnetized in the same direction as the magnetizing field, with high 
values of permeability from 50 to 5000. Permalloy has a u, of 100,000 
but is easily saturated at relatively low values of flux density. 

2. Paramagnetic materials. These include aluminum, platinum, manganese, 
and chromium. Their permeability is slightly more than 1. They become 
weakly magnetized in the same direction as the magnetizing field. 

3. Diamagnetic materials. These include bismuth, antimony, copper, zinc, 
mercury, gold, and silver. Their permeability is less than 1. They become 
weakly magnetized but in the direction opposite from the magnetizing 
field. 


The basis of all the magnetic effects is the magnetic field associated with electric 
charges in motion. Within the atom, the motion of its orbital electrons generates a 
magnetic field. There are two kinds of electron motion in the atom. First is the elec- 
tron revolving in its orbit. This motion provides a diamagnetic effect. However, this 
magnetic effect is weak because thermal agitation at normal room temperature 
results in random directions of motion that neutralize each other. 

More effective is the magnetic effect from the motion of each electron spinning 
on its own axis. The spinning electron serves as a tiny permanent magnet. Opposite 
spins provide opposite polarities. Two electrons spinning in opposite directions 
form a pair, neutralizing the magnetic fields. In the atoms of ferromagnetic materi- 
als, however, there are many unpaired electrons with spins in the same direction, 
resulting in a strong magnetic effect. 

In terms of molecular structure, iron atoms are grouped in microscopically small 
arrangements called domains. Each domain is an elementary dipole magnet, with 
two opposite poles. In crystal form, the iron atoms have domains parallel to the axes 
of the crystal. Still, the domains can point in different directions because of the dif- 
ferent axes. When the material becomes magnetized by an external magnetic field, 
though, the domains become aligned in the same direction. With PM materials, the 
alignment remains after the external field is removed. 
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Answers at the end of the chapter. 


a. An electromagnet needs current to maintain its magnetic field. 
(True/False) 

b. A relay coil is an electromagnet. (True/False) 

c. Iron is a diamagnetic material. (True/False) 


13-7 Ferrites 


Ferrite is the name for nonmetallic materials that have the ferromagnetic properties 
of iron. Ferrites have very high permeability, like iron. However, a ferrite is a non- 
conducting ceramic material, whereas iron is a conductor. The permeability of fer- 
rites is in the range of 50 to 3000. The specific resistance is 10° Q:cm, which makes 
a ferrite an insulator. 

A common application is a ferrite core, usually adjustable, in the coils of RF 
transformers. The ferrite core is much more efficient than iron when the current 
alternates at high frequency. The reason is that less /7R power is lost by eddy currents 
in the core because of its very high resistance. 
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Figure 13-13 Ferrite bead equivalent 
to coil with 20 uH of inductance at 
10 MHz. 
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PIONEERS 
IN ELECTRONICS 


In 1879, Edwin H. Hall (1855-1938) 


was a graduate student at Johns 


Hopkins University when he 
discovered the Hall effect. When a 
wire carrying a current is placed in 
an applied magnetic field, a voltage 
across the wire is created that is 
proportional to the strength of the 
magnetic field. This effect is at the 
heart of a number of technologies 
such as antilock brake sensors and 


some computer keyboards. 
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A ferrite core is used in small coils and transformers for signal frequencies up to 
20 MHz, approximately. The high permeability means that the transformer can be 
very small. However, ferrites are easily saturated at low values of magnetizing cur- 
rent. This disadvantage means that ferrites are not used for power transformers. 

Another application is in ferrite beads (Fig. 13-13). A bare wire is used as a 
string for one or more beads. The bead concentrates the magnetic field of the current 
in the wire. This construction serves as a simple, economical RF choke, instead of a 
coil. The purpose of the choke is to reduce the current just for an undesired radio 
frequency. 
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Answers at the end of the chapter. 


a. Which has more R, ferrites or soft iron? 
b. Which has more I?R losses, an insulator or a conductor? 


13-8 Magnetic Shielding 


The idea of preventing one component from affecting another through their com- 
mon electric or magnetic field is called shielding. Examples are the braided copper- 
wire shield around the inner conductor of a coaxial cable, a metal shield can that 
encloses an RF coil, or a shield of magnetic material enclosing a cathode-ray tube. 

The problem in shielding is to prevent one component from inducing an effect in 
the shielded component. The shielding materials are always metals, but there is a 
difference between using good conductors with low resistance, such as copper and 
aluminum, and using good magnetic materials such as soft iron. 

A good conductor is best for two shielding functions. One is to prevent induction 
of static electric charges. The other is to shield against the induction of a varying 
magnetic field. For static charges, the shield provides opposite induced charges, 
which prevent induction inside the shield. For a varying magnetic field, the shield 
has induced currents that oppose the inducing field. Then there is little net field 
strength to produce induction inside the shield. 

The best shield for a steady magnetic field is a good magnetic material of high 
permeability. A steady field is produced by a permanent magnet, a coil with steady 
direct current, or the earth’s magnetic field. A magnetic shield of high permeability 
concentrates the magnetic flux. Then there is little flux to induce poles in a compo- 
nent inside the shield. The shield can be considered a short circuit for the lines of 
magnetic flux. 
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Answers at the end of the chapter. 


a. A magnetic material with high permeability is a good shield for a 
steady magnetic field. (True/False) 

b. A conductor is a good shield against a varying magnetic field. 
(True/False) 


13-9 The Hall Effect 


In 1879, E. H. Hall observed that a small voltage is generated across a conductor 
carrying current in an external magnetic field. The Hall voltage was very small with 
typical conductors, and little use was made of this effect. However, with the devel- 
opment of semiconductors, larger values of Hall voltage can be generated. The 
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Figure 13-14 The Hall effect. Hall 
voltage V,, generated across the element 
is proportional to the perpendicular flux 
density B. 


Magnetic field 
=10kG 


Wud 


V,, = 60 mV 
(Hall voltage) 
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Figure 13-15 A gaussmeter to measure flux density, with a probe containing an indium 
arsenide element. 


Courtesy of OECO, LLC 


semiconductor material indium arsenide (InAs) is generally used. As illustrated 
in Fig. 13-14, the InAs element inserted in a magnetic field can generate 60 mV 
with B equal to 10 kG and an J of 100 mA. The applied flux must be perpendicular 
to the direction of the current. With current in the direction of the length of conduc- 
tor, the generated voltage is developed across the width. 

The amount of Hall voltage V,, is directly proportional to the value of flux den- 
sity B. This means that values of B can be measured by V,,. As an example, the 
gaussmeter in Fig. 13-15 uses an InAs probe in the magnetic field to generate a 
proportional Hall voltage V,,. This value of V,, is then read by the meter, which is 
calibrated in gauss. The original calibration is made in terms of a reference magnet 
with a specified flux density. 
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Answers at the end of the chapter. 


a. In Fig. 13-14, how much is the generated Hall voltage? 
b. Does the gaussmeter in Fig. 13-15 measure flux or flux density? 
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Summary 


lron, nickel, and cobalt are common 
examples of magnetic materials. Air, 
paper, wood, and plastics are 

nonmagnetic. 


The pole of a magnet that seeks the 
geographic North Pole of the earth 
is called a north pole; the opposite 

pole is a south pole. 


Opposite magnetic poles are 
attracted; similar poles repel. 


An electromagnet needs current 
from an external source to provide a 
magnetic field. Permanent magnets 
retain their magnetism indefinitely. 


Any magnet has an invisible field of 
force outside the magnet, indicated 
by magnetic field lines. Their 


direction is from the north to the 
south pole. 


The open ends of a magnet where it 
meets a nonmagnetic material 
provide magnetic poles. At opposite 
pen ends, the poles have opposite 
olarity. 


D O 


A magnet with an air gap has 
opposite poles with magnetic lines 
of force across the gap. A closed 
magnetic ring has no poles. 


Magnetic induction enables the field 
of a magnet to induce magnetic 
poles in a magnetic material without 
touching. 


Permeability is the ability to 
concentrate magnetic flux. A good 


magnetic material has high 
permeability. 


Magnetic shielding means isolating 
a component from a magnetic field. 
The best shield against a steady 
magnetic field is a material with high 
permeability. 


[he Hall voltage is a small voltage 
generated across the width of a 
conductor carrying current through 
its length, when magnetic flux is 
applied perpendicular to the 
current. This effect is generally used 
in the gaussmeter to measure flux 
density. 


Table 13-1 summarizes the units of 
magnetic flux and flux density B. 


Table 13-1 Magnetic Flux @ and Flux Density B 


Name Symbol cgs Units mks or SI Units 


p =B x area 1 maxwell (Mx) = 1 line 1 weber (Wb) = 108 Mx 


p 


area 


Flux, or total lines 


Flux density, or lines LMx Janay = 


3 B = 
per unit area 


1 gauss (G) = 


1 Wb 
ae 


Important Terms 


Curie temperature — the temperature 
at which a magnetic material loses its 
ferromagnetic properties. 


Diamagnetic — a classification of 
materials that become weakly 
magnetized but in the direction 
opposite to the magnetizing field. 
Diamagnetic materials have a 
permeability less than 1. Examples 
include antimony, bismuth, copper, 
gold, mercury, silver, and zinc. 


Electromagnet — a magnet that 
requires an electric current flowing in 
the turns of a coil to create a 
magnetic field. With no current in the 
coil, there is no magnetic field. 


Ferrite — a nonmetallic material that has 
the ferromagnetic properties of iron. 


Ferromagnetic — a classification of 
materials that become strongly 
magnetized in the same direction as 
the magnetizing field. Ferromagnetic 
materials have high values of 
permeability in the range of 50 to 
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5000 or even higher. Examples 
include iron, steel, nickel, and cobalt. 

Flux density (B) — the number of 
magnetic field lines per unit area of a 
section perpendicular to the direction 
of flux. 

Gauss (G) — the cgs unit of flux density. 
(Gai 

cm 

Hall effect — the effect that describes a 
small voltage generated across the 
width of a conductor that is carrying 
current in an external magnetic field. 
To develop the Hall voltage, the 
current in the conductor and the 
external flux must be at right angles 
to each other. 


Induction — the electric or magnetic 
effect of one body on another without 
any physical contact between them. 


Magnetic flux (h) — another name used 
to describe magnetic field lines. 

Maxwell (Mx) — the cgs unit of magnetic 
flux. 1 Mx = 1 magnetic field line. 


Paramagnetic — a classification of 
materials that become weakly 
magnetized in the same direction as 
the magnetizing field. Their 
permeability is slightly more than 1. 
Examples include aluminum, 
platinum, manganese, and 
chromium. 


Permanent magnet — a hard magnetic 
material such as cobalt steel that 
is magnetized by induction in the 
manufacturing process.A 
permanent magnet retains its 
magnetic properties indefinitely as 
long as it is not subjected to very 
high temperatures, physical shock, 
or a strong demagnetizing field. 


Relative permeability (u,) — the ability 
of a material to concentrate magnetic 
flux. Mathematically, relative 
permeability, designated u,, is the 
ratio of the flux density (B) in a 
material such as iron and the flux 
density, B, in air. There are no units 
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for u, because it compares two flux 
densities and the units cancel. 


Tesla (T) — the SI unit of flux density. 


1T= Wb 
m 


Related Formulas 


p 


B= 
2 1x 108 Mx 
#Mx = #Wb x “TE Wb 
= 1 Wb 
#Wb = #Mx X 7 TO Mx 


Self-Test 


Answers at the back of the book. 


1. The maxwell (Mx) is a unit of 
a. flux density. 

b. permeability. 

c. magnetic flux. 


d. field intensity. 


2. With bar magnets, 


a. like poles attract each other and 
unlike poles repel each other. 


b. unlike poles attract each other and 
ike poles repel each other. 


c. there are no north or south poles 
on the ends of the magnet. 


d. none of the above. 


3. The tesla (T) is a unit of 
a. flux density. 
b. magnetic flux. 
c. permeability. 


d. magnetomotive force. 


4. 1 maxwell (Mx) is equal to 
a. 1 x 10° Wb. 
pW 
m 
c.1x*10*G. 


d. one magnetic field line. 


5. 1 Wbis equal to 
a. 1.x 108 Mx. 


b. one magnetic field line. 
geal Mx 


nemne 


d. 1 x 104 kG. 
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Toroid — an electromagnet wound 
in the form of a doughnut. 
It has no magnetic poles and 
the maximum strength of the 


#G =#1&X 


#1 =#CX 


6. The electric or magnetic effect of one 
body on another without any 
physical contact between them is 
called 


a. its permeability. 
b. induction. 

c. the Hall effect. 
d. hysteresis. 


7. Acommercial permanent magnet 
will last indefinitely if it is not 
subjected to 


a. a strong demagnetizing field. 
b. physical shock. 

c. high temperatures. 

d. all of the above. 


8. What is the name for a nonmetallic 
material that has the ferromagnetic 
properties of iron? 


a. lodestone. 
b. toroid. 
c. ferrite. 


d. solenoid. 


9. One tesla (T) is equal to 
= 1 Mx 


m? ` 


1x10*G 
TT 


PE 
1x 10'C 


magnetic field is concentrated in its 
iron core. 


Weber (Wb) — the SI unit of magnet 
flux. 1 Wb = 1 x 108 Mx or lines. 


10. The ability of a material to 
concentrate magnetic flux is called 
its 


a. induction. 
b. permeability. 
c. Hall effect. 


d. diamagnetic. 


11. Ifthe north (N) pole of a permanent 
magnet is placed near a piece of soft 
iron, what is the polarity of the 
nearest induced pole? 


a. south (S) pole. 
b. north (N) pole. 


c. It could be either a north (N) ora 
south (S) pole. 


d. It cannot be determined. 


12.A magnet that requires current in a 
coil to create the magnetic field is 


called a(n) 
a. permanent magnet. 
b. electromagnet. 


c. solenoid. 


d. both b and c. 


13. The point at which a magnetic 
material loses its ferromagnetic 
properties is called the 


a. melting point. 
b. freezing point. 
c. Curie temperature. 


d. leakage point. 
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14. A material that becomes strongly 18.1 “Wb equals drops to 62.5 x 10~¢ T. What is the 
magnetized in the same direction a. 1x 108 Mx. relative permeability of the iron 
as the magnetizing field is b. 10,000 Mx. core? 
classified as a.u, =4 
3 w= 4. 

a. diamagnetic. c. 1x10” Mx. b. u, = 250 

: d. 100 Mx. k j 
b. ferromagnetic: c. u, = 4000. 
c. paramagnetic. 19. A toroid d. It cannot be determined. 


d. toroidal. 


a. is an electromagnet. 


b. has no magnetic poles. 


23. 


What is the flux density, B, for a 


15. Which of the following materials are magnetic flux of 500 Mx through an 
nonmagnetic? c. uses iron for the core around area of 10 cm?? 
coe aati which the coil is wound. 3.50 1027. 
based. d. all of the above. b.50G. 
c. glass. 20. When a small voltage is generated c. 5000 G. 


16. 


d. all of the above. 


The gauss (G) is a unit of 
a. flux density. 

b. magnetic flux. 

c. permeability. 


d. none of the above. 


across the width of a conductor 
carrying current in an external 
magnetic field, the effect is called 


a. the Doppler effect. 
b. the Miller effect. 
c. the Hall effect. 

d. the Schultz effect. 


24. 


d. both a and b. 


The geographic North Pole of the 
earth has 


a.no magnetic polarity. 
b. south magnetic polarity. 
c. north magnetic polarity. 


d. none of the above. 


17. One gauss (G) is equal to 21. The weber (Wb) is a unit of 
1 Mx a. magnetic flux 25. With an electromagnet, 
4 i ; : 
m? b. flux density. a. more current and more coil turns 
b 1 Wb .. mean a stronger magnetic field. 
cm?” c. permeability. : 
b. less current and fewer coil turns 
1 Mx d. none of the above. : 
C.-T mean a stronger magnetic field. 
F 1 Wb 22. The flux density in the iron core of an c. if there is no current in the coil, 
pna electromagnet is 0.25 T. When the there is no magnetic field. 


Essay Questions 


iron core is removed, the flux density 


d. both a and c. 


1. ame two magnetic materials and three nonmagnetic 5: Give the symbols, cgs units, and SI units for magnetic 
materials. flux and for flux density. 
2. Explain the difference between a permanent magnet 6. How are the north and south poles of a bar magnet 


and an electromagnet. determined with a magnetic compass? 


3. Draw a horseshoe magnet and its magnetic field. Label 7. 
the magnetic poles, indicate the air gap, and show the 
direction of flux. 


Referring to Fig. 13-11, why can either end of the 
magnet pick up the nail? 


8. What is the difference between flux @ and flux 


4. Define relative permeability, shielding, induction, and Hall density B? 
voltage. 
Problems 


SECTION 13-2 MAGNETIC FLUX (®) 


13-1 Define (a) the maxwell (Mx) unit of magnetic flux, p; 
(b) the weber (Wb) unit of magnetic flux, @. 


13-3 Make the following conversions: 
a. 1000 Mx to Wb. 
b. 10,000 Mx to Wb. 
c. 1 Mx to Wb. 
d. 100 Mx to Wb. 


13-2 Make the following conversions: 
a. 0.001 Wb to Mx. 

b. 0.05 Wb to Mx. 

c. 15 x 10 Wb to Mx. 


d. 1 x 10® Wb to Mx. 


13-4 Make the following conversions: 
a. 0.0002 Wb to Mx. 


b. 5500 Mx to Wb. 


413 


Magnetism 


c. 70 Mx to Wb. 
d. 30 x 10° Wb to Mx. 


13-5 Make the following conversions: 
a. 0.00004 Wb to Mx. 
b. 225 Mx to Wb. 
c. 80,000 Mx to Wb. 
d. 650 x 10°° Wb to Mx. 


13-6 A permanent magnet has a magnetic flux of 
12,000 uWb. How many magnetic field lines does this 
correspond to? 


13-7 An electromagnet produces a magnetic flux of 
900 u\Wb. How many magnetic field lines does this 
correspond to? 


13-8 A permanent magnet has a magnetic flux of 50,000 
Mx. How many Webers (Wb) of magnetic flux does 
this correspond to? 


SECTION 13-3 FLUX DENSITY (B) 


13-9 Define (a) the gauss (G) unit of flux density, B; 
(b) the tesla (T) unit of flux density, B. 


13-10 Make the following conversions: 
a.2.5TtoG. 
b. 0.05 T to G. 
c. 1x 10*TtoG. 
d. 0.1 TtoG. 


13-11 Make the following conversions: 
a. 4000 G to T. 
b. 800,000 G to T. 
c. 600G to T. 
d. 10,000 G to T. 


13-12 Make the following conversions: 
a. 0.004 T to G. 
b. 1000 G to T. 
c. 1X 10°G toT. 
d.10TtoG. 


Critical Thinking 


13-26 A flux @ of 25 uWb exists in an area of 0.25 in?. What 
is the flux density B in (a) gauss units; (b) teslas? 


Answers to Self-Reviews 13-1 a. true 
b. true 


13-2 a. 2000 Mx 
b. 20 uWb 
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13-13 Make the following conversions: 
a. 0.0905 T to G. 
b.100TtoG. 
c. 75,000 G toT. 
d: 1:75 x 10°G toT. 


13-14 With a flux of 250 Mx through an area of 2 cm?, what 
is the flux density in gauss units? 


13-15 A flux of 500 uWb exists in an area, A, of 0.01 m°. 
What is the flux density in tesla units? 


13-16 Calculate the flux density, in teslas, for a flux, , of 
400 uWb in an area of 0.005 m°. 


13-17 Calculate the flux density in gauss units for a flux, @, 
of 200 uWb in an area of 5 X 10% m?. 


13-18 With a magnetic flux, ø, of 30,000 Mx through a 
perpendicular area of 6 cm’, what is the flux density in 
gauss units? 


13-19 How much is the flux density in teslas for a flux, @, of 
160 uWb through an area of 0.0012 m°? 


13-20 With a flux, @, of 2000 uWb through an area of 
0.0004 m?, what is the flux density in gauss units? 


13-21 For a flux density of 30 kG at the north pole of a 
magnet through a cross-sectional area of 8 cm’, how 
much is the total flux in maxwells? 


13-22 The flux density in an iron core is 5 X 10° T. If the area 
of the core is 10 cm?, calculate the total number of 
magnetic flux lines in the core. 


13-23 The flux density in an iron core is 5 T. If the area of the 
core is 40 cm?, calculate the magnetic flux in weber 
units. 


13-24 The flux density in an iron core is 80 kG. If the area of 
the core is 0.2 m°, calculate the magnetic flux in weber 
units. 


13-25 If the flux density in 0.05 m? is 2000 G, how many 
magnetic field lines are there? 


13-27 At the north pole of an electromagnet, the flux density B 
equals 5 T. If the area A equals 0.125 in’, determine the 
total number of flux lines @ in (a) maxwells; (b) webers. 


13-3 a. 3000G 
b. 03T 


13-4 a. true 
b. false 
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13-5 a. true 
b. true 


13-6 a. true 
b. true 
c. false 


Laboratory Application Assignment 


This lab application assignment is optional due to the fact that 
your laboratory may not have the items listed under 
“Equipment.” If you do have the items listed, then you will be 
able to experimentally determine the pattern of magnetic field 
lines extending outward from the poles of a bar magnet. 


Equipment: Obtain the following items from your instructor. 


+ Digital camera 

* Compass 

+ Two bar magnets (If the pole ends are marked N and S cover 
them.) 

+ Iron filings 

+ Thin cardboard or sheet of glass (8% x 11 in.) 


Magnetic Field Pattern 


Examine the compass assigned to you. How can you tell which 
end of the compass needle is the north (N) pole? 


Describe how the compass can be used to determine the pole 
polarities of the two unmarked bar magnets you have in your 
possession. 


Using the technique you described above, experimentally 
determine the pole polarities on each of the two bar magnets 
assigned to you. 


Remove the coverings on each end of the bar magnets, and see 
if your technique was correct. Was it? 


Design credit Multisim: ©Stockbyte/Getty Images 
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13-7 a. ferrites 
b. conductor 


13-8 a. true 
b. true 
13-9 a. 60 mV 


b. flux density 


Place a thin piece of cardboard or thin sheet of glass over one 
of the bar magnets assigned to you. Sprinkle iron filings on the 
cardboard or glass directly above the bar magnet. Gently tap 
the cardboard or glass until you see a recognizable pattern. 
This is the pattern of a cross section of the lines of force 
surrounding the magnet. Take a picture of this pattern with a 
digital camera. Identify the position of the magnetic poles, and 
indicate the direction of the lines of force. 


Now place both bar magnets (in line) under the cardboard or 
glass so that the N pole of one is adjacent to and about 1 in. 
away from the S pole of the other. Lightly sprinkle iron filings on 
the cardboard or glass directly above both bar magnets. Gently 


tap the cardboard or glass until you see a recognizable pattern. 
This is the pattern of a cross-section of the lines of force 
surrounding both magnets. Take a picture of this pattern with a 
digital camera. Identify the position of the magnetic poles, and 
indicate the direction of the lines of force. 


Turn one of the two bar magnets completely around 

(180 degrees) so that the N pole of one magnet is adjacent to 
and about 1 in. away from the N pole of the other. Be sure the 
magnets are still in line. Lightly sprinkle iron filings on the 
cardboard or glass directly above both bar magnets. Gently tap 
the cardboard or glass until you see a recognizable pattern. 
This is the pattern of a cross section of the lines of force 
surrounding both magnets. Take a picture of this pattern with a 
digital camera. Identify the position of the magnetic poles, and 
indicate the direction of the lines of force. 
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Electromagnetism 


magnetic field is always associated with an electric current. Therefore, the units 

of measure for the strength or intensity of a magnetic field are based on the 
electric current that produces the field. For an electromagnet, the strength and 
intensity of the magnetic field depend on the amount of current flow and the number 
of coil turns in a given length. The electromagnet acts like a bar magnet with 
opposite magnetic poles at its ends. 


When a conductor passes through a magnetic field, the work put into this action 
forces free electrons to move along the length of the conductor. The rate at which 
the conductor moves through the magnetic field and how many field lines are cut 
determines the amount of induced current and/or voltage. In this chapter, you will 
learn about the units and laws of electromagnetism. You will also learn about an 
electromechanical device known as a relay. As you will see, a relay uses an 
electromagnet to open or close one or more sets of switching contacts. E 


14-1 Ampere-Turns of Magnetomotive 
Force (mmf) 


142 Field Intensity (H) 
14-3 B+ Magnetization Curve 
14-4 Magnetic Hysteresis 


14-5 Magnetic Field around an Electric 
Current 


14-6 Magnetic Polarity of a Coil 
14-7 Motor Action between Two Magnetic 


Fields 


14-8 Induced Current 
14-9 Generating an Induced Voltage 
14-10 Relays 


After studying this chapter, you should be able to 


m Define the terms magnetomotive force and field 
intensity and list the units of each. 


@ Explain the B-H magnetization curve. 


m Define the term saturation as it relates toa 
magnetic core. 


m Explain what is meant by magnetic hysteresis. 


Ææ Describe the magnetic field of an electric 
current in a straight conductor. 


@ Determine the magnetic polarity of a solenoid 
using the left-hand rule. 


Æ Explain the concept of motor action. 


Explain how an induced voltage can be 
developed across the ends of a conductor 
that passes through a magnetic field. 

State Lenz’s law. 

Apply Faraday’s law to calculate the induced 
voltage across a conductor being passed 
through a magnetic field. 

Explain the basic construction and operation 
of an electromechanical relay. 


List and explain important relay ratings. 


ampere-turn (A-t) 

ampere-turns/meter (A+t/m) 
B-H magnetization curve hysteresis 
degaussing 


Faraday’s law Lenz’s law 


Electromagnetism 


field intensity (H) 
holding current 


left-hand rule 


magnetomotive force (mmf) 
motor action 
pickup current 


saturation 
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GOOD TO KNOW 


The mmf of a coil is directly 
proportional to both the current, 


l, and the number of turns, N. 


Figure 14-1 Two examples 
of equal ampere-turns for the same mmf. 
(a) INis 2X5 =10.(b) INis 1 x 10=10. 
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IN=1x10 
=10 At 


(b) 


14-1 Ampere-Turns of Magnetomotive 
Force (mmf) 


The strength of the magnetic field of a coil magnet depends on how much current 
flows in the turns of the coil. The more current, the stronger the magnetic field. 
Also, more turns in a specific length concentrate the field. The coil serves as a bar 
magnet with opposite poles at the ends, providing a magnetic field proportional to 
the ampere-turns. As a formula, 


Ampere-turns = J x N = mmf (14-1) 


where / is the current in amperes multiplied by the number of turns N. The quantity 
IN specifies the amount of magnetizing force or magnetic potential, which is the 
magnetomotive force (mmf ). 

The practical unit is the ampere-turn. The SI abbreviation for ampere-turn is 
A, the same as for the ampere, since the number of turns in a coil usually 
is constant but the current can be varied. However, for clarity we shall use the 
abbreviation A't. 

As shown in Fig. 14-1, a solenoid with 5 turns and 2 amperes has the same mag- 
netizing force as one with 10 turns and 1 ampere, as the product of the amperes and 
turns is 10 for both cases. With thinner wire, more turns can be placed in a given 
space. The amount of current is determined by the resistance of the wire and the 
source voltage. The number of ampere-turns necessary depends on the magnetic 
field strength required. 


Example 14-1 


Calculate the ampere-turns of mmf for a coil with 2000 turns and a 5-mA 
current. 


ANSWER mmf=/xN=2000 x5 x 10° 
=10 At 


Example 14-2 


A coil with 4 A is to provide a magnetizing force of 600 A-t. How many turns 
are necessary? 


ANSWER n=Ati 00 


= 150 turns 
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Example 14-3 


A coil with 400 turns must provide 800 A +t of magnetizing force. How much 
current is necessary? 


= At _ 800 
ANSWER 1=% = 400 
=2A 


Example 14-4 


The wire in a solenoid of 250 turns has a resistance of 3 Q. (a) How much is the 
current when the coil is connected to a 6-V battery? (b) Calculate the ampere- 
turns of mmf. 


ANSWER 
V 0V 
a. 1=R=30 
=2A 
b. mmf=/x N=2Ax250t 


= 500 At 


The ampere-turn, A*t, is an SI unit. It is calculated as JN with the current in 
amperes. 

The cgs unit of mmf is the gilbert,* abbreviated Gb. One ampere-turn equals 
1.26 Gb. The number 1.26 is approximately 47/10, derived from the surface area of 
a sphere, which is 4zr?. 

To convert JN to gilberts, multiply the ampere-turns by the constant conversion 
factor 1.26 Gb/1 A't. As an example, 1000 A-t is the same mmf as 1260 Gb. The 
calculations are 

1000 Ast x 1.26 -S = 1260 Gb 
1 Act 
Note that the units of A't cancel in the conversion. 


E 74-1 Self-Review 
Answers at the end of the chapter. 


a. Ifthe mmf is 243 A-t, and J is doubled from 2 to 4 A with the same 
number of turns, how much is the new mmf? 
b. Convert 500 A-t to gilberts. 


14-2 Field Intensity (H) 


The ampere-turns of mmf specify the magnetizing force, but the intensity of the 
magnetic field depends on the length of the coil. At any point in space, a specific 
value of ampere-turns must produce less field intensity for a long coil than for a 


* William Gilbert (1544-1603) was an English scientist who investigated the magnetism of the earth. 
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Figure 14-2 Relation between ampere-turns of mmf and the resultant field intensity H 
for different cores. Note that H = mmf/length. (a) Intensity H is 1000 A+ t/m with an air 
core. (b) H = 1000 Ast/m in an iron core of the same length as the coil. (0 H is 1000/2 

= 500 A:t/m in an iron core twice as long as the coil. 


mmf = IN mmf = IN mmf = IN 
= 1000 At = 1000 At = 1000 At 
Iron 
core 
<= Im — = 1m — =< 2m = 
(a) (b) (c) 


short coil that concentrates the same mmf. Specifically, the field intensity H in 

mks units is 

ampere-turns of mmf 
I meters 


H= (14-2) 


This formula is for a solenoid. The field intensity H is at the center of an air core. 
For an iron core, H is the intensity through the entire core. By means of units for H, 
the magnetic field intensity can be specified for either electromagnets or permanent 
magnets, since both provide the same kind of magnetic field. 

The length in Formula (14-2) is between poles. In Fig. 14—2a, the length is 1 m 
between the poles at the ends of the coil. In Fig. 14~25, / is also 1 m between the 
ends of the iron core. In Fig. 14—2c, though, / is 2 m between the poles at the ends 
of the iron core, although the winding is only | m long. 

The examples in Fig. 14—2 illustrate the following comparisons: 


1. In all three cases, the mmf is 1000 A't for the same value of IN. 

2. In Fig. 14-2a and b, H equals 1000 A-t/m. In a, this H is the intensity at 
the center of the air core; in b, this H is the intensity through the entire 
iron core. 

3. In Fig. 14—2c, because / is 2 m, H is %, or 500 A:t/m. This H is the 
intensity in the entire iron core. 


Units for H 


The field intensity is basically mmf per unit of length. In practical units, H is 
ampere-turns per meter. The cgs unit for H is the versted,* abbreviated Oe, which 
equals one gilbert of mmf per centimeter. 


Conversion of Units 


To convert SI units of A-t/m to cgs units of Oe, multiply by the conversion factor 
0.0126 Oe per 1 A-t/m. As an example, 1000 A-t/m is the same H as 12.6 Oe. The 
calculations are 

1000 4: x 0.0126 eae = 12.6 Oe 
Note that the units of A't and m cancel. The m in the conversion factor becomes 
inverted to the numerator. 


* H. C. Oersted (1777-1851), a Danish physicist, discovered electromagnetism. 


Chapter 14 


GOOD TO KNOW 


The permeability of a material is 
similar in many respects to the 


conductivity in electric circuits. 


Electromagnetism 


Permeability (x) 


Whether we say H is 1000 A-t/m or 12.6 Oe, these units specify how much field 
intensity is available to produce magnetic flux. However, the amount of flux pro- 
duced by H depends on the material in the field. A good magnetic material with 
high relative permeability can concentrate flux and produce a large value of flux 
density B for a specified H. These factors are related by the formula: 


B=uxH (14-3) 
or 
pa B (14-4) 


Using SI units, B is the flux density in webers per square meter, or teslas; H is the 
field intensity in ampere-turns per meter. In the cgs system, the units are gauss for B 
and oersted for H. The factor u is the absolute permeability, not referred to any other 
material, in units of B/H. 

In the cgs system, the units of gauss for B and oersteds for H have been defined 
to give u the value of 1 G/Oe, for vacuum, air, or space. This simplification means 
that B and H have the same numerical values in air and in vacuum. For instance, the 
field intensity H of 12.6 Oe produces a flux density of 12.6 G in air. 

Furthermore, the values of relative permeability u, are the same as those for 
absolute permeability in B/H units in the cgs system. The reason is that wis 1 for air 
or vacuum, used as the reference for the comparison. As an example, if u, for an iron 
sample is 600, the absolute u is also 600 G/Oe. 

In SI, however, the permeability of air or vacuum is not 1. This value is 4a x 
1077, or 1.26 x 10%, with the symbol u. Therefore, values of relative permeability 
u, must be multiplied by 1.26 x 10% for u to calculate u as B/H in SI units. 

For an example of u, = 100, the SI value of u can be calculated as follows: 


H= 4, X My 
= 100 x 1.26 x 10-6 —Ë 


A't/m 


= sT 
u=126x 10 om 


Example 14-5 


A magnetic material has a u, of 500. Calculate the absolute u as B/H (a) in 
cgs units and (b) in SI units. 


ANSWER 
a. u= u, X My in cgs units. Then 
= G 
= 500 = Oe 
= 500 De 


b. u= u, X My in SI units. Then 
= -sT 
= 500 x 1.26 x 10 Pit 


z s T 
= 630 x 10 
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GOOD TO KNOW 


Manufacturers of magnetic 
materials usually provide 
information about the material’s 
magnetic properties. For example, 
B-H curves and other data can 
usually be found in manuals 


provided by the manufacturer. 
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Example 14-6 


For this example of u = 630 x 10% in SI units, calculate the flux density B that 
will be produced by the field intensity H equal to 1000 A-t/m. 


ANSWER B=yuH 


= -_T A't 
= (630 x 10 aam | (1000 5") 


= 630 x 10° T 
= 0.63 T 


Note that the ampere-turns and meter units cancel, leaving only the tesla unit 
for the flux density B. 


E 74-2 Self-Review 


Answers at the end of the chapter. 


a. What are the values of y, for air, vacuum, and space? 

b. An iron core has 200 times more flux density than air for the same 
field intensity H. How much is p,? 

c. An iron core produces 200 G of flux density for 1 Oe of field intensity 
H. How much is p? 

d. A coil with an mmf of 25 A-t is 0.1 m long. How much is the field 
intensity H? 

e. Convert 500 Art to oersted units. 


14-3 B-H Magnetization Curve 


The B-H curve in Fig. 14-3 is often used to show how much flux density B results 
from increasing the amount of field intensity H. This curve is for soft iron, plotted 
for the values in Table 14-1, but similar curves can be obtained for all magnetic 
materials. 


Calculating H and B 


The values in Table 14—1 are calculated as follows: 


1. The current / in the coil equals V/R. For a 10-Q coil resistance with 20 V 
applied, / is 2 A, as listed in the top row of Table 14-1. Increasing values 
of V produce more current in the coil. 

2. The ampere-turns ZIN of magnetizing force increase with more current. 
Since the turns are constant at 100, the values of JN increase from 200 for 
2 A in the top row to 1000 for 10 A in the bottom row. 

3. The field intensity H increases with higher JN. The values of H are in 
mks units of ampere-turns per meter. These values equal JN/0.2 because 
the length is 0.2 m. Therefore, each JN is divided by 0.2, or multiplied 
by 5, for the corresponding values of H. Since H increases in the same 
proportion as J, sometimes the horizontal axis on a B-H curve is given 
only in amperes, instead of in H units. 
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Figure 14-3 B-H magnetization curve for soft iron. No values are shown near zero, 
where u may vary with previous magnetization. 


B, 0.5 


Saturation 


T, or Wb/m? 


0.4 


0.3 


0.2 N=100t 
R=10Q 


i= 02 


01 


(0) 1000 2000 3000 4000 5000 


H, A-t/m 


Table 14-1 B-H Values for Figure 14-3 


V 


Volts R, Q 
20 10 
40 10 
60 10 
80 10 

100 10 


Electromagnetism 


1=V/R, 
Amperes 


2 
4 
6 
8 
10 


N, Turns mmf, A't I,m Radin H. B=pxH,T 
100 200 0.2 1000 100 0.126 
100 400 0.2 2000 100 0252 
100 600 0.2 3000 100 0.378 
100 800 0.2 4000 85 0.428 
100 1000 0.2 5000 70 0.441 


4. The flux density B depends on the field intensity H and the permeability 
of the iron. The values of B in the last column are obtained by multiplying 
u X H. However, for SI units, the values of u, listed must be multiplied by 
1.26 x 10% to obtain u x H in teslas. 


Saturation 


Note that the permeability decreases for the highest values of H. With less u, the 
iron core cannot provide proportional increases in B for increasing values of H. In 
Fig. 14-3, for values of H above 4000 A-t/m, approximately, the values of B 
increase at a much slower rate, making the curve relatively flat at the top. The 
effect of little change in flux density when the field intensity increases is called 
saturation. 

Iron becomes saturated with magnetic lines of induction. After most of the 
molecular dipoles and the magnetic domains are aligned by the magnetizing force, 
very little additional induction can be produced. When the value of u is specified for 
a magnetic material, it is usually the highest value before saturation. 
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E 74-3 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 14-3. 
a. How much is B in tesla units for 1500 A-t/m? 
b. What value of H starts to produce saturation? 


14-4 Magnetic Hysteresis 


Hysteresis means “lagging behind.” With respect to the magnetic flux in an iron 
core of an electromagnet, the flux lags the increases or decreases in magnetizing 
force. Hysteresis results because the magnetic dipoles are not perfectly elastic. Once 
aligned by an external magnetizing force, the dipoles do not return exactly to their 
original positions when the force is removed. The effect is the same as if the dipoles 
were forced to move against internal friction between molecules. Furthermore, 
if the magnetizing force is reversed in direction by reversal of the current in an elec- 
tromagnet, the flux produced in the opposite direction lags behind the reversed 
magnetizing force. 


Hysteresis Loss 


When the magnetizing force reverses thousands or millions of times per second, as 
with rapidly reversing alternating current, hysteresis can cause a considerable loss 
of energy. A large part of the magnetizing force is then used to overcome the internal 
friction of the molecular dipoles. The work done by the magnetizing force against 
this internal friction produces heat. This energy wasted in heat as the molecular 
dipoles lag the magnetizing force is called the hysteresis loss. For steel and other 
hard magnetic materials, hysteresis losses are much higher than in soft magnetic 
materials like iron. 

When the magnetizing force varies at a slow rate, hysteresis losses can be consid- 
ered negligible. An example is an electromagnet with direct current that is simply 
turned on and off or the magnetizing force of an alternating current that reverses 
60 times per second or less. The faster the magnetizing force changes, however, the 
greater the hysteresis effect. 


Hysteresis Loop 


To show the hysteresis characteristics of a magnetic material, its values of flux den- 
sity B are plotted for a periodically reversing magnetizing force. See Fig. 144. This 
curve is the hysteresis loop of the material. The larger the area enclosed by the 
curve, the greater the hysteresis loss. The hysteresis loop is actually a B-H curve 
with an AC magnetizing force. 

Values of flux density B are indicated on the vertical axis. The units can be gauss 
or teslas. 

The horizontal axis indicates values of field intensity H. On this axis, the units 
can be oersteds, ampere-turns per meter, ampere-turns, or magnetizing current 
because all factors are constant except Z. 

Opposite directions of current result in opposite directions of +H and —H for the 
field lines. Similarly, opposite polarities are indicated for flux density as +B or —B. 

The current starts from zero at the center, when the material is unmagnetized. 
Then positive H values increase B to saturation at +B aax Next H decreases to zero, 
but B drops to the value B,, instead of to zero, because of hysteresis. When H 
becomes negative, B drops to zero and continues to —B,,,,, Which is saturation in the 
opposite direction from +B „a because of the reversed magnetizing current. 
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Figure 14-4 Hysteresis loop for magnetic materials. This graph is a B-H curve like 
Fig. 14-3, but H alternates in polarity with alternating current. 
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Then, as the —H values decrease, the flux density is reduced to —B,. Finally, the 
loop is completed; positive values of H produce saturation at B,,,, again. The curve 
does not return to the zero origin at the center because of hysteresis. As the magne- 
tizing force periodically reverses, the values of flux density are repeated to trace out 
the hysteresis loop. 

The value of either +B, or —B,, which is the flux density remaining after the 
magnetizing force has been reduced to zero, is the residual induction of a magnetic 
material, also called its retentivity. In Fig. 144, the residual induction is 0.6 T, in 
either the positive or the negative direction. 

The value of —H,, which equals the magnetizing force that must be applied in the 
reverse direction to reduce the flux density to zero, is the coercive force of the mate- 
rial. In Fig. 144, the coercive force —H, is 300 A’ t/m. 


Demagnetization 


To demagnetize a magnetic material completely, the residual induction B, must be 
reduced to zero. This usually cannot be accomplished by a reversed DC magnetizing 
force because the material then would become magnetized with opposite polarity. 
The practical way is to magnetize and demagnetize the material with a continuously 
decreasing hysteresis loop. This can be done with a magnetic field produced by 
alternating current. Then, as the magnetic field and the material are moved away 
from each other or the current amplitude is reduced, the hysteresis loop becomes 
smaller and smaller. Finally, with the weakest field, the loop collapses practically to 
zero, resulting in zero residual induction. This method of demagnetization is also 
called degaussing. 
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Answers at the end of the chapter. 


a. Hysteresis loss increases with higher frequencies. (True/False) 
b. Degaussing is done with alternating current. (True/False) 
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GOOD TO KNOW 


The fact that an electric current 
has an associated magnetic field 
is the basis on which an 
amp-clamp probe operates. The 
amp-clamp probe has a pickup 
coil that senses the strength of 
the magnetic field set up by the 
current in the wire conductor. 
The deflection of the meter’s 
pointer is proportional to the 
amount of current carried by the 
conductor. The meter is 


calibrated in amperes. 
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14-5 Magnetic Field around an 
Electric Current 


In Fig. 14-5, the iron filings aligned in concentric rings around the conductor show 
the magnetic field of the current in the wire. The iron filings are dense next to the 
conductor, showing that the field is strongest at this point. Furthermore, the field 
strength decreases inversely as the square of the distance from the conductor. It is 
important to note the following two factors about the magnetic lines of force: 


1. The magnetic lines are circular because the field is symmetrical with 
respect to the wire in the center. 

2. The magnetic field with circular lines of force is in a plane perpendicular 
to the current in the wire. 


From points C to D in the wire, the circular magnetic field is in the horizontal 
plane because the wire is vertical. Also, the vertical conductor between points EF 
and AB has the associated magnetic field in the horizontal plane. Where the conduc- 
tor is horizontal, as from B to C and D to E, the magnetic field is in a vertical plane. 

These two requirements of a circular magnetic field in a perpendicular plane 
apply to any charge in motion. Whether electron flow or motion of positive charges 
is considered, the associated magnetic field must be at right angles to the direction 
of current. 

In addition, the current need not be in a wire conductor. As an example, the beam 
of moving electrons in the vacuum of a cathode-ray tube has an associated magnetic 
field. In all cases, the magnetic field has circular lines of force in a plane perpen- 
dicular to the direction of motion of the electric charges. 


Clockwise and Counterclockwise Fields 


With circular lines of force, the magnetic field would tend to move a magnetic pole 
in a circular path. Therefore, the direction of the lines must be considered either 
clockwise or counterclockwise. This idea is illustrated in Fig. 14-6, showing how a 
north pole would move in the circular field. 

The directions are tested with a magnetic compass needle. When the compass is 
in front of the wire, the north pole on the needle points up. On the opposite side, the 
compass points down. If the compass were placed at the top, its needle would point 
toward the back of the wire; below the wire, the compass would point forward. 
When all these directions are combined, the result is the circular magnetic field 
shown with counterclockwise lines of force. (The counterclockwise direction of the 
magnetic field assumes that you are looking into the end of the wire, in the same 
direction as electron flow.) 


Figure 14-5 How iron filings can be used to show the invisible magnetic field around the 
electric current in a wire conductor. 
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Figure 14-6 Rule for determining direction of circular field around a straight conductor. 
Field is counterclockwise for direction of electron flow shown here. Circular field is 
clockwise for reversed direction of electron flow. 
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Instead of testing every conductor with a magnetic compass, however, we can 
use the following rule for straight conductors to determine the circular direction of 
the magnetic field: If you grasp the conductor with your left hand so that the thumb 
points in the direction of electron flow, your fingers will encircle the conductor in 
the same direction as the circular magnetic field lines. In Fig. 14—6, the direction of 
electron flow is from left to right. Facing this way, you can assume that the circular 
magnetic flux in a perpendicular plane has lines of force in the counterclockwise 
direction. 

The opposite direction of electron flow produces a reversed field. Then the mag- 
netic lines of force rotate clockwise. If the charges were moving from right to left in 
Fig. 14-6, the associated magnetic field would be in the opposite direction with 
clockwise lines of force. 


Fields Aiding or Canceling 


When the magnetic lines of two fields are in the same direction, the lines of force 
aid each other, making the field stronger. When magnetic lines are in opposite direc- 
tions, the fields cancel. 

In Fig. 14-7, the fields are shown for two conductors with opposite directions of 
electron flow. The dot in the middle of the field at the left indicates the tip of an 
arrowhead to show current up from the paper. The cross symbolizes the back of an 
arrow to indicate electron flow into the paper. 

Notice that the magnetic lines between the conductors are in the same direction, 
although one field is clockwise and the other counterclockwise. Therefore, the fields 
aid here, making a stronger total field. On either side of the conductors, the two 
fields are opposite in direction and tend to cancel each other. The net result, then, is 
to strengthen the field in the space between the conductors. 


Figure 14-7 Magnetic fields aiding between parallel conductors with 
opposite directions of current. 
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Figure 14-8 Magnetic poles of a 


current loop. 


GOOD TO KNOW 


The magnetic polarity of a 


solenoid can be verified with a 


compass. 


Figure 14-9 Magnetic poles of a solenoid. (a) Coil winding. (b) Equivalent bar magnet. 
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Answers at the end of the chapter. 


a. Magnetic field lines around a conductor are circular in a 
perpendicular cross section of the conductor. (True/False) 

b. In Fig. 14-7, the field is strongest between the conductors. (True/ 
False) 


14-6 Magnetic Polarity of a Coil 


Bending a straight conductor into a loop, as shown in Fig. 14-8, has two effects. 
First, the magnetic field lines are more dense inside the loop. The total number of 
lines is the same as those for the straight conductor, but the lines inside the loop are 
concentrated in a smaller space. Furthermore, all lines inside the loop are aiding in 
the same direction. This makes the loop field effectively the same as a bar magnet 
with opposite poles at opposite faces of the loop. 


Solenoid as a Bar Magnet 


A coil of wire conductor with more than one turn is generally called a solenoid. An 
ideal solenoid, however, has a length much greater than its diameter. Like a single 
loop, the solenoid concentrates the magnetic field inside the coil and provides oppo- 
site magnetic poles at the ends. These effects are multiplied, however, by the num- 
ber of turns as the magnetic field lines aid each other in the same direction inside the 
coil. Outside the coil, the field corresponds to a bar magnet with north and south 
poles at opposite ends, as illustrated in Fig. 14-9. 


Magnetic Polarity 


To determine the magnetic polarity of a solenoid, use the left-hand rule illustrated 
in Fig. 14-10: Jf the coil is grasped with the fingers of the left hand curled around 
the coil in the direction of electron flow, the thumb points to the north pole of the 
coil. The left hand is used here because the current is electron flow. 

The solenoid acts like a bar magnet, whether or not it has an iron core. Adding an 
iron core increases the flux density inside the coil. In addition, the field strength is 
uniform for the entire length of the core. The polarity is the same, however, for air- 
core and iron-core coils. 

The magnetic polarity depends on the direction of current flow and the direction 
of winding. The current is determined by the connections to the voltage source. 
Electron flow is from the negative side of the voltage source, through the coil, and 
back to the positive terminal. 


Figure 14-10 The left-hand rule for 
north pole of a coil with current /. The / is 
electron flow. 
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Figure 14-11 Examples for determining the magnetic polarity of a coil with direct 
current /. The / is electron flow. The polarities are reversed in (a) and (b) because the battery 
is reversed to reverse the direction of current. Also, (d) is the opposite of (c) because of the 
reversed winding. 


N 


The direction of winding can be over and under, starting from one end of the coil, 
or under and over with respect to the same starting point. Reversing either 
the direction of winding or the direction of current reverses the magnetic poles of the 
solenoid. See Fig. 14-11. When both are reversed, though, the polarity is the same. 


E 714-6 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 14-9, if the battery is reversed, will the north pole be at the 
left or the right? 

b. If one end of a solenoid is a north pole, is the opposite end a north or 
a south pole? 


14-7 Motor Action between Two 
Magnetic Fields 


The physical motion from the forces of magnetic fields is called motor action. One 
example is the simple attraction or repulsion between bar magnets. 

We know that like poles repel and unlike poles attract. It can also be considered 
that fields in the same direction repel and opposite fields attract. 

Consider the repulsion between two north poles, illustrated in Fig. 14—12. Simi- 
lar poles have fields in the same direction. Therefore, the similar fields of the two 
like poles repel each other. 

A more fundamental reason for motor action, however, is the fact that the force in 
a magnetic field tends to produce motion from a stronger field toward a weaker field. 
In Fig. 14-12, note that the field intensity is greatest in the space between the two 
north poles. Here the field lines of similar poles in both magnets reinforce in the 
same direction. Farther away the field intensity is less, for essentially one magnet 
only. As a result, there is a difference in field strength, providing a net force that 
tends to produce motion. The direction of motion is always toward the weaker field. 

To remember the directions, we can consider that the stronger field moves to the 
weaker field, tending to equalize field intensity. Otherwise, the motion would make 
the strong field stronger and the weak field weaker. This must be impossible because 
then the magnetic field would multiply its own strength without any work added. 


Force on a Straight Conductor in a Magnetic Field 


Current in a conductor has its associated magnetic field. When this conductor is 
placed in another magnetic field from a separate source, the two fields can react to 
produce motor action. The conductor must be perpendicular to the magnetic field, 
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GOOD TO KNOW 


In Fig. 14-13, extend the thumb, 
forefinger, and middle finger of 
the right hand at right angles to 
each other. With the forefinger 
pointing in the direction of the 
magnetic flux and the middle 
finger in the direction of electron 
flow, the thumb points in the 
direction the conductor is 
moving. This is called the right- 


hand rule for motors. 
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Figure 14-12 Repulsion between similar poles of two bar magnets. The motion is from 
the stronger field to the weaker field. 
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however, as shown in Fig. 14-13. This way, the perpendicular magnetic field pro- 
duced by the current is in the same plane as the external magnetic field. 

Unless the two fields are in the same plane, they cannot affect each other. In the 
same plane, however, lines of force in the same direction reinforce to make a 
stronger field, whereas lines in the opposite direction cancel and result in a weaker 
field. 

To summarize these directions: 


1. When the conductor is at 90°, or perpendicular to the external field, the 
reaction between the two magnetic fields is maximum. 

2. When the conductor is at 0°, or parallel to the external field, there is no 
effect between them. 

3. When the conductor is at an angle between 0 and 90°, only the 
perpendicular component is effective. 


In Fig. 14-13, electrons flow in the wire conductor in the plane of the paper 
from the bottom to the top of the page. This flow provides the counterclockwise 


Figure 14-13 Motor action of current in a straight conductor when it is in 
an external magnetic field. The H, is the circular field of the current. The Hy indicates field 
lines between the north and south poles of the external magnet. 
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In Fig. 14-14, extend the thumb, 
forefinger, and middle finger of 
the left hand at right angles to 
each other. With the forefinger 
pointing in the direction of 
magnetic flux, and the thumb in 
the direction the conductor is 
moving, the middle finger points 
in the direction of the induced 
current. This is called the left- 


hand generator rule. 


Figure 14-14 Induced current 
produced by magnetic flux cutting across 
a conductor. Direction of / here is for 
electron flow. 
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field H, around the wire in a perpendicular plane cutting through the paper. The 
external field H,, has lines of force from left to right in the plane of the paper. 
Then lines of force in the two fields are parallel above and below the wire. 

Below the conductor, its field lines are left to right in the same direction as the 
external field. Therefore, these lines reinforce to produce a stronger field. Above the 
conductor, the lines of the two fields are in opposite directions, causing a weaker 
field. As a result, the net force of the stronger field makes the conductor move 
upward out of the page toward the weaker field. 

If electrons flow in the reverse direction in the conductor or if the external field 
is reversed, the motor action will be in the opposite direction. Reversing both the 
field and the current, however, results in the same direction of motion. 


Rotation of a Conductor Loop ina 
Magnetic Field 


When a loop of wire is in the magnetic field, opposite sides of the loop have 
current in opposite directions. Then the associated magnetic fields are opposite. 
The resulting forces are upward on one side of the loop and downward on 
the other side, making it rotate. This effect of a force in producing rotation is 
called torque. 

The principle of motor action between magnetic fields producing rotational torque 
is the basis of all electric motors. The moving-coil meter described in Section 8-1 
is a similar application. Since torque is proportional to current, the amount of rota- 
tion indicates how much current flows through the coil. 


E 14-7 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 14-12, the field is strongest between the two north poles. 
(True/False) 

b. In Fig. 14-13, if both the magnetic field and the current are reversed, 
the motion will still be upward. (True/False) 


14-8 Induced Current 


Just as electrons in motion provide an associated magnetic field, when magnetic 
flux moves, the motion of magnetic lines cutting across a conductor forces free 
electrons in the conductor to move, producing current. This action is called induc- 
tion because there is no physical connection between the magnet and the conductor. 
The induced current is a result of generator action as the mechanical work put into 
moving the magnetic field is converted into electric energy when current flows in 
the conductor. 

Referring to Fig. 14-14, let the conductor AB be placed at right angles to the flux 
in the air gap of the horseshoe magnet. Then, when the magnet is moved up or 
down, its flux cuts across the conductor. The action of magnetic flux cutting across 
the conductor generates current. The fact that current flows is indicated by the 
microammeter. 

When the magnet is moved downward, current flows in the direction shown. If 
the magnet is moved upward, current will flow in the opposite direction. Without 
motion, there is no current. 


Direction of Motion 


Motion is necessary for the flux lines of the magnetic field to cut across the conduc- 
tor. This cutting can be accomplished by motion of either the field or the conductor. 
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PIONEERS 
IN ELECTRONICS 


Russian physicist Heinrich Friedrich 
Emil Lenz (1804-1865) 
demonstrated that an increase in 
temperature increases the 
resistance of a metal. In 1834, he 
formulated Lenz’s law, which states 
that the current induced by a 
change flows so as to oppose the 
effect producing the change. In 
1838, he demonstrated the “Peltier 
Effect” with reversing current by 


using bismuth-antimony rods. 
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When the conductor is moved upward or downward, it cuts across the flux. The 
generator action is the same as moving the field, except that the relative motion is 
opposite. Moving the conductor upward, for instance, corresponds to moving the 
magnet downward. 


Conductor Perpendicular to External Flux 


To have electromagnetic induction, the conductor and the magnetic lines of flux 
must be perpendicular to each other. Then the motion makes the flux cut through the 
cross-sectional area of the conductor. As shown in Fig. 14-14, the conductor is at 
right angles to the lines of force in the field H. 

The reason the conductor must be perpendicular is to make its induced current 
have an associated magnetic field in the same plane as the external flux. If the field 
of the induced current does not react with the external field, there can be no induced 
current. 


How Induced Current Is Generated 


The induced current can be considered the result of motor action between the exter- 
nal field H and the magnetic field of free electrons in every cross-sectional area of 
the wire. Without an external field, the free electrons move at random without any 
specific direction, and they have no net magnetic field. When the conductor is in the 
magnetic field H, there still is no induction without relative motion, since the mag- 
netic fields for the free electrons are not disturbed. When the field or conductor 
moves, however, there must be a reaction opposing the motion. The reaction is a 
flow of free electrons resulting from motor action on the electrons. 

Referring to Fig. 14-14, for example, the induced current must flow in the direc- 
tion shown because the field is moved downward, pulling the magnet away from the 
conductor. The induced current of electrons then has a clockwise field; lines of force 
aid H above the conductor and cancel H below. When motor action between the two 
magnetic fields tends to move the conductor toward the weaker field, the conductor 
will be forced downward, staying with the magnet to oppose the work of pulling the 
magnet away from the conductor. 

The effect of electromagnetic induction is increased when a coil is used for the 
conductor. Then the turns concentrate more conductor length in a smaller area. As 
illustrated in Fig. 14-15, moving the magnet into the coil enables the flux to cut 
across many turns of conductors. 


Lenz’s Law 


Lenz’s law is the basic principle for determining the direction of an induced voltage 
or current. Based on the principle of conservation of energy, the law simply states 
that the direction of the induced current must be such that its own magnetic field 
will oppose the action that produced the induced current. 


Figure 14-15 Induced current produced by magnetic flux cutting across turns of wire in 
a coil. Direction of | here is for electron flow. 
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Figure 14-16 Voltage induced across 
open ends of conductor cut by magnetic 
flux. 
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In Fig. 14-15, for example, the induced current has the direction that produces a 
north pole at the left to oppose the motion by repulsion of the north pole being 
moved in. This is why it takes some work to push the permanent magnet into the 
coil. The work expended in moving the permanent magnet is the source of energy 
for the current induced in the coil. 

Using Lenz’s law, we can start with the fact that the left end of the coil in 
Fig. 14-15 must be a north pole to oppose the motion. Then the direction of the 
induced current is determined by the left-hand rule for electron flow. If the fingers 
coil around the direction of electron flow shown, under and over the winding, the 
thumb will point to the left for the north pole. 

For the opposite case, suppose that the north pole of the permanent magnet in 
Fig. 14-15 is moved away from the coil. Then the induced pole at the left end of the 
coil must be a south pole by Lenz’s law. The induced south pole will attract the north 
pole to oppose the motion of the magnet being moved away. For a south pole at the 
left end of the coil, then, the electron flow will be reversed from the direction shown 
in Fig. 14-15. We could generate an alternating current in the coil by moving the 
magnet periodically in and out. 


E 74-8 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 14-15. 

a. Ifthe north end of the magnet is moved away from the coil, will its 
left side be north or south? 

b. If the south end of the magnet is moved in, will the left end of the coil 
be north or south? 

c. Referring to Fig. 14-14, if the conductor is moved up, instead of 
moving the magnet down, will the induced current flow in the same 
direction? 


14-9 Generating an Induced Voltage 


Consider a magnetic flux cutting a conductor that is not in a closed circuit, as shown 
in Fig. 14-16. The motion of flux across the conductor forces free electrons to 
move, but in an open circuit, the displaced electrons produce opposite electric 
charges at the two open ends. 

For the directions shown, free electrons in the conductor are forced to move to 
point A. Since the end is open, electrons accumulate here. Point A then develops a 
negative potential. 

At the same time, point B loses electrons and becomes charged positively. The 
result is a potential difference across the two ends, provided by the separation of 
electric charges in the conductor. 

The potential difference is an electromotive force (emf), generated by the work 
of cutting across the flux. You can measure this potential difference with a voltme- 
ter. However, a conductor cannot store electric charge. Therefore, the voltage is 
present only while the motion of flux cutting across the conductor is producing the 
induced voltage. 


Induced Voltage across a Coil 


For a coil, as in Fig. 14-17a, the induced emf is increased by the number of turns. 
Each turn cut by flux adds to the induced voltage, since each turn cut forces free 
electrons to accumulate at the negative end of the coil with a deficiency of electrons 
at the positive end. 

The polarity of the induced voltage follows from the direction of induced current. 
The end of the conductor to which the electrons go and at which they accumulate is 
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Figure 14-17 Voltage induced across coil cut by magnetic flux. (a) Motion of flux 
generating voltage across coil. (b) Induced voltage acts in series with the coil. (c) The 
induced voltage is a source that can produce current in an external load resistor R, 
connected across the coil. 
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the negative side of the induced voltage. The opposite end, with a deficiency of 
electrons, is the positive side. The total emf across the coil is the sum of the induced 
voltages, since all the turns are in series. 

Furthermore, the total induced voltage acts in series with the coil, as illustrated 
by the equivalent circuit in Fig. 14-17b, showing the induced voltage as a separate 
generator. This generator represents a voltage source with a potential difference 
resulting from the separation of charges produced by electromagnetic induction. 
The source v then can produce current in an external load circuit connected across 
the negative and positive terminals, as shown in Fig. 14-17c. 

The induced voltage is in series with the coil because current produced by the 
generated emf must flow through all the turns. An induced voltage of 10 V, for 
example, with R, equal to 5 Q, results in a current of 2 A, which flows through the 
coil, the equivalent generator v, and the load resistance R. 

The direction of current in Fig. 14-17c shows electron flow around the circuit. 
Outside the source v, the electrons move from its negative terminal, through R,, and 
back to the positive terminal of v because of its potential difference. 

Inside the generator, however, the electron flow is from the + terminal to the 
— terminal. This direction of electron flow results from the fact that the left end of 
the coil in Fig. 14-17a must be a north pole, by Lenz’s law, to oppose the north pole 
being moved in. 

Notice how motors and generators are similar in using the motion of a mag- 
netic field, but with opposite applications. In a motor, current is supplied so that 
an associated magnetic field can react with the external flux to produce motion of 
the conductor. In a generator, motion must be supplied so that the flux and con- 
ductor can cut across each other to induce voltage across the ends of the 
conductor. 


Faraday’s Law of Induced Voltage 


The voltage induced by magnetic flux cutting the turns of a coil depends on the 
number of turns and how fast the flux moves across the conductor. Either the flux or 
the conductor can move. Specifically, the amount of induced voltage is determined 
by the following three factors: 


1. Amount of flux. The more magnetic lines of force that cut across the 
conductor, the higher the amount of induced voltage. 

2. Number of turns. The more turns in a coil, the higher the induced voltage. 
The v;a is the sum of all individual voltages generated in each turn in 
series. 
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3. Time rate of cutting. The faster the flux cuts a conductor, the higher the 
induced voltage. Then more lines of force cut the conductor within a 
specific period of time. 


These factors are fundamental in many applications. Any conductor with current 
will have voltage induced in it by a change in current and its associated magnetic flux. 
The amount of induced voltage can be calculated by Faraday’s law: 


dq (webers) 


dt (seconds) (14-5) 


Vind = 
where N is the number of turns and dø /dt specifies how fast the flux @ cuts across 
the conductor. With dġ/dt in webers per second, the induced voltage is 
in volts. 

As an example, suppose that magnetic flux cuts across 300 turns at the rate of 


2 Wb/s. 
To calculate the induced voltage, 
d 
Vind = N 7 
= 300 x 2 
Ving = 600 V 


ind 


It is assumed that all flux links all turns, which is true for an iron core. 


Rate of Change 


The symbol d in dọ and dt is an abbreviation for change. The df means a change in 
the flux @, and dt means a change in time. In mathematics, dt represents an infini- 
tesimally small change in time, but in this book we are using the d to mean rate of 
change in general. The results are exactly the same for the practical changes used 
here because the rate of change is constant. 

As an example, if the flux @ is 4 Wb one time but then changes to 6 Wb, the 
change in flux df is 2 Wb. The same idea applies to a decrease as well as an 
increase. If the flux changed from 6 to 4 Wb, dọ would still be 2 Wb. However, an 
increase is usually considered a change in the positive direction, with an upward 
slope, whereas a decrease has a negative slope downward. 

Similarly, dt means a change in time. If we consider the flux at a time 2 s after 
the start and at a later time 3 s after the start, the change in time is 3 — 2, or 1 s for 
dt. Time always increases in the positive direction. 

Combining the two factors of dh and dt, we can say that for magnetic flux 
increasing by 2 Wb in 1 s, df/dt equals 2/1, or 2 Wb/s. This states the rate of 
change of the magnetic flux. 

As another example, suppose that the flux increases by 2 Wb in 0.5 s. Then 


dp _ 2 Wb _ 4 Wb/s 


dt 0.58 


Analysis of Induced Voltage as N (dé /dt) 


This fundamental concept of voltage induced by a change in flux is illustrated by the 
graphs in Fig. 14-18, for the values listed in Table 14-2. The linear rise in 
Fig. 14-18a shows values of flux ¢ increasing at a uniform rate. In this case, the 
curve goes up 2 Wb for every 1-s interval. The slope of this curve, then, equal to 
do/dt, is 2 Wb/s. Note that, although @ increases, the rate of change is constant 
because the linear rise has a constant slope. 

For induced voltage, only the dø/dt factor is important, not the actual value of 
flux. To emphasize this basic concept, the graph in Fig. 14-18 shows the d¢/dt 
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Figure 14-18 Graphs of induced voltage produced by magnetic flux changes in a coil. (a) Linear increase of flux @. (b) Constant rate of 
change for dø/dt at 2 Wb/s. (c) Constant induced voltage of 600 V for a coil with 300 turns. 


Table 14-2 


h, Wb 
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$, Wb 


oO oa A N 


do 
Constant v = N — 
dt 
4 600 ~e- 0-0- 
3 450 
do 
v Constant ae 
re] 
= 7 gh = 300 
sls 
1 150 
(0) 1 2 3 4 o 1 2 3 4 
Time, s Time, s 
(b) (c) 


t,s dt, s Wb/s N, Turns N(d@ /dt), V 
1 1 2 300 600 
2 1 2 300 600 
B 1 2 300 600 
4 1 2 300 600 


values alone. This graph is a straight horizontal line for the constant value of 
2 Wb/s. 

The induced-voltage graph in Fig. 14—18c is also a straight horizontal line. Since 
Ving = N(ddb/dt), the graph of induced voltage is the dọ /dt values multiplied by the 
number of turns. The result is a constant 600 V, with 300 turns cut by flux changing 
at the constant rate of 2 Wb/s. 

The example illustrated here can be different in several ways without changing 
the basic fact that the induced voltage is equal to N(d@/dt). First, the number of turns 
or the d#/dt values can be greater or less than the values assumed here. More turns 
provide more induced voltage, whereas fewer turns mean less voltage. Similarly, a 
higher value for df/dt results in more induced voltage. 

Note that two factors are included in dp/dt. Its value can be increased by a higher 
value of dọ or a smaller value of dt. As an example, the value of 2 Wb/s for dp/dt 
can be doubled either by increasing dọ to 4 Wb or reducing dt to 0.5 s. Then d¢/dt 
is “% or %s, which equals 4 Wb/s in either case. The same flux changing within a 
shorter time means a faster rate of flux cutting the conductor, resulting in a higher 
value of dġ/dt and more induced voltage. 

For the opposite case, a smaller value of df/dt, with less flux or a slower rate of 
change, results in a lower value of induced voltage. As dọ /dt decreases, the induced 
voltage will reverse polarity. 

Finally, note that the dø /dt graph in Fig. 14-18 has the constant value of 
2 Wb/s because the flux is increasing at a linear rate. However, the flux need not 
have a uniform rate of change. Then the d#/dt values will not be constant. In any 
case, though, the values of d/dt at all instants will determine the values of the 
induced voltage equal to N(d¢/dt). 
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Figure 14-19 Schematic symbols 


commonly used to represent relay 


contacts. (a) Symbols used to represent 
normally open contacts. (b) Symbols used 
to represent normally closed contacts. 


or 


(a) 


Electromagnetism 


— 
T a 


(b) 


Polarity of the Induced Voltage 


The polarity is determined by Lenz’s law. Any induced voltage has the polarity that 
opposes the change causing the induction. Sometimes this fact is indicated by using 
a negative sign for v,,, in Formula (14-5). However, the absolute polarity depends 
on whether the flux is increasing or decreasing, the method of winding, and which 
end of the coil is the reference. 

When all these factors are considered, v;a has polarity such that the current it 
produces and the associated magnetic field oppose the change in flux producing the 
induced voltage. If the external flux increases, the magnetic field of the induced 
current will be in the opposite direction. If the external field decreases, the magnetic 
field of the induced current will be in the same direction as the external field to 
oppose the change by sustaining the flux. In short, the induced voltage has polarity 
that opposes the change. 
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Answers at the end of the chapter. 


a. The magnetic flux of 8 Wb changes to 10 Wb in 1 s. How much is 
d/dt? 
b. The flux of 8 „Wb changes to 10 7 Wb in 1 us. How much is dp/dt? 


14-10 Relays 


A relay is an electromechanical device that operates by electromagnetic induction. 
It uses either an AC- or a DC-actuated electromagnet to open or close one or more 
sets of contacts. Relay contacts that are open when the relay is not energized are 
called normally open (NO) contacts. Conversely, relay contacts that are closed when 
the relay is not energized are called normally closed (NC) contacts. Relay contacts 
are held in their resting or normal position either by a spring or by some type of 
gravity-actuated mechanism. In most cases, an adjustment of the spring tension is 
provided to set the restraining force on the normally open and normally closed con- 
tacts to some desired level based on predetermined circuit conditions. 

Figure 14—19 shows the schematic symbols that are commonly used to represent 
relay contacts. Figure 14—19a shows the symbols used to represent normally open 
contacts, and Fig. 14-19b shows the symbols used to represent normally closed 
contacts. When normally open contacts close, they are said to make, whereas when 
normally closed contacts open they are said to break. Like mechanical switches, the 
switching contacts of a relay can have any number of poles and throws. 

Figure 14-20 shows the basic parts of an SPDT armature relay. Terminal con- 
nections | and 2 provide connection to the electromagnet (relay coil), and terminal 


Figure 14-20 Basic parts of an SPDT armature relay. Terminal connections 1 and 2 
provide connection to the electromagnet, and terminal connections 3, 4, and 5 provide 
connections to the SPDT relay contacts which open or close when the relay is energized. 
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GOOD TO KNOW 


Many relays are packaged in a 
hermetically sealed enclosure, 
which is a type of enclosure that 
isolates the relay, namely the 
switching contacts, from the 


environment. 


Figure 14-21 Typical relay. 


Mark Steinmetz/McGraw-Hill 
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connections 3, 4, and 5 provide connections to the SPDT relay contacts that open 
or close when the relay is energized. A relay is said to be energized when NO con- 
tacts close and NC contacts open. The movable arm of an electromechanical relay is 
called the armature. The armature is magnetic and has contacts that make or break 
with other contacts when the relay is energized. For example, when terminals 1 and 
2 in Fig. 14-20 are connected to a DC source, current flows in the relay coil and an 
electromagnet is formed. If there is sufficient current in the relay coil, contacts 3 and 
4 close (make) and contacts 4 and 5 open (break). The armature is attracted whether 
the electromagnet produces a north or a south pole on the end adjacent to the arma- 
ture. Figure 14-21 is a photo of a typical relay. 


Relay Specifications 


Manufacturers of electromechanical relays always supply a specification sheet for 
each of their relays. The specification sheet contains voltage and current ratings for 
both the relay coil and its switch contacts. The specification sheet also includes 
information regarding the location of the relay coil and switching contact terminals. 
And finally, the specification sheet will indicate whether the relay can be energized 
from either an AC or a DC source. The following is an explanation of a relay’s most 
important ratings. 


Pickup voltage. The minimum amount of relay coil voltage necessary to 
energize or operate the relay. 

Pickup current. The minimum amount of relay coil current necessary to 
energize or operate the relay. 

Holding current. The minimum amount of current required to keep a 
relay energized or operating. (The holding current is less than 
the pickup current.) 

Dropout voltage. The maximum relay coil voltage at which the relay is 
no longer energized. 

Contact voltage rating. The maximum voltage the relay contacts can 
switch safely. 

Contact current rating. The maximum current the relay contacts can 
switch safely. 

Contact voltage drop. The voltage drop across the closed contacts of a 
relay when operating. 

Insulation resistance. The resistance measured across the relay contacts 
in the open position. 


Relay Applications 


Figure 14-22 shows schematic diagrams for two relay systems. The diagram in 
Fig. 14—22a represents an open-circuit system. With the control switch S, open, the 
SPST relay contacts are open and the load is inoperative. Closing S, energizes the 
relay. This closes the NO relay contacts and makes the load operative. 

Figure 14—225 represents a closed-circuit system. In this case, the relay is 
energized by the control switch S,, which is closed during normal operation. 
With the relay energized, the normally closed relay contacts are open and the 
load is inoperative. When it is desired to operate the load, the control switch S, is 
opened. This returns the relay contacts to their normally closed position, thereby 
activating the load. 

It is important to note that a relay can be energized using a low-voltage, low- 
power source. However, the relay contacts can be used to control a circuit whose 
load consumes much more power at a much higher voltage than the relay coil circuit. 
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Figure 14-22 Schematic diagrams for two relay systems. (a) Open-circuit 
system. (b) Closed-circuit system. 


Control switch 


Relay coil 


Load 
SPST, NO 


(a) 


Control switch 


Relay coil 


In fact, one of the main advantages of using a relay is its ability to switch or control 
very high power loads with a relatively low amount of input power. In remote- 
control applications, a relay can control a high power load a long distance away 
much more efficiently than a mechanical switch can. When a mechanical switch is 
used to control a high power load a long distance away, the R power loss in the 
conductors carrying current to the load can become excessive. Critical Thinking 
Probs. 14—25 and 14—26 illustrate the advantages of using a relay to control a high 
power load a long distance away. 


Common Relay Troubles 


If a relay coil develops an open, the relay cannot be energized. The reason is simple. 
With an open relay coil, the current is zero and no magnetic field is set up by the 
electromagnet to attract the armature. An ohmmeter can be used to check for the 
proper relay coil resistance. An open relay coil measures infinite (co) resistance. 
Since it is usually not practical to repair an open relay coil, the entire relay must be 
replaced. 

A common problem with relays is dirty switch contacts. The switch contacts 
develop a thin carbon coating after extended use from arcing across the contact 
terminals when they are opened and closed. Dirty switch contacts usually produce 
intermittent operation of the load being controlled—for example, a motor. In some 
cases, the relay contacts may chatter (vibrate) if they are dirty. 

One final point: The manufacturer of a relay usually indicates its life expectancy 
in terms of the number of times the relay can be energized (operated). A typical 
value is 5 million operations. 
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Answers at the end of the chapter. 


a. A relay is energized if NC contacts are opened. (True/False) 

b. The pickup current is the minimum relay coil current required to 
keep a relay energized. (True/False) 

c. The voltage drop across a set of closed relay contacts carrying 1 A of 
current is very low. (True/False) 

d. An open relay coil measures 0 Q with an ohmmeter. (True/False) 
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Application in Understanding Solenoids 


There are many useful devices in our homes and industries that 
operate on the principles of electromagnetism. One such device 
is a solenoid. A solenoid is an electromechanical device that 
converts electrical energy into mechanical energy (force and 
motion). In terms of its physical construction, a solenoid 
consists of a coil of wire and a movable iron core, called a 
plunger. The basic construction is shown in Fig. 14-23. The 
solenoid’s coil is wound around a long nonmagnetic hollow 
cylinder. Slid inside the hollow cylinder are two iron cores, one 
which is fixed in position (stationary); the other is movable. As 
shown, the stationary and movable cores are attached to each 
other with a spring. With S, open in Fig. 14—24a, the current in 
the coil is zero. As a result, there is no associated magnetic field 
surrounding the coil to magnetize the iron cores. In this case, 
the spring forces the plunger out of the cylinder, as shown. 
However, when S; is closed, as shown in Fig. 14—24b, the current 
in the coil forms an electromagnet and both iron cores become 
magnetized. Notice that the magnetic polarity of both iron cores 
is the same. As a result, the ends of the iron cores attached to 
the spring have opposite magnetic polarity and thus attract 


each other. This attraction of opposite magnetic poles draws the 
plunger inside of the cylinder, causing the coil to compress. The 
plunger stays in this position as long as there is current in the 
coil. When S, is opened, however, the current drops to zero and 
the coil no longer serves as an electromagnet. Since soft iron 
has very low retentivity, the iron cores have very little residual 
magnetism after the DC current is removed from the coil. As a 
result, the iron cores are no longer magnetized and the spring 
forces the plunger back out of the cylinder. 

In a solenoid, the force of the moving plunger can be used to 
open or close a valve or to move a lever to lock or unlock a door. 
It is common practice to use solenoids for controlling the locks 
on doors in offices, hotels, and automobiles. Figure 14—25 
shows an example of a solenoid used for the automatic door 
locks in an automobile. 


SOLENOID VALVES 

A solenoid valve is an electromechanically operated device in 
which the operation or movement of a valve is controlled by 
opening or closing the path for current in the solenoid coil. In 


Figure 14-23 Basic construction of a solenoid. 


Solenoid coil 


Stationary 
core 


Nonmagnetic 
hollow cylinder 


Spring 


Movable core 
(plunger) 


Figure 14-24 Operation of a solenoid. (a) With S, open, the current in the coil is zero and no electromagnet is formed. The iron cores are 


not magnetized, and the spring forces the plunger out of the cylinder. 
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Figure 14-24 (b) With S, closed, the current in the coil forms an electromagnet. The electromagnet magnetizes the iron cores and draws 
the plunger into the cylinder. 
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general, solenoid valves are used when it is necessary or desired Figure 14—26 shows a solenoid valve used to control the flow of 
to control the flow of fluids or gases in a system. For example,a refrigerant in a commercial refrigerator. It should be noted that 
solenoid valve may be used to open or close the pathway for in many cases the coil assembly and valve body are two separate 
fluids in a hose or pipe. The valve may be a moving plunger ora pieces. 

flap that twists or turns. If the valve is open when the solenoid is 
not energized, it is called normally open (NO). If the valve is 
closed when the solenoid is not energized, it is called normally 
closed (NC). It is important to note that it is common for solenoid 
valves to have multiple ports and fluid paths. A common 


application of solenoid valves is in washing machines and 
dishwashers. In this application, the solenoid valve controls the 
flow of water entering the machine. Other applications include 
using solenoid valves in fluid power systems, compressors and 
vacuum pumps, sprinkler and fire fighting systems, denta 
equipment, biomedical equipment, and boilers, to name a few. 
Because of the vast number of applications that exist, solenoid 
valves come in a wide variety of different shapes and sizes. 
Solenoid valves offer safe and fast switching, high reliability, 
relatively low power requirements, and a compact design. 5 


Figure 14-26 Solendoid valve used to control the flow of 
refrigerant in a commercial refrigerator. 


Figure 14-25 Solenoid used for automobile door locks. 
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Summary 


For an electromagnet, the strength 
of the magnetic field depends 

on how much current flows in the 
turns of the coil. The coil serves as a 
bar magnet with opposite poles at 
the ends. 


The strength of an electromagnet is 
specified in SI units of ampere-turns. 
The product of amperes (A) and turns 
(t) indicates the magnetomotive force 
(mmf) of the coil. The cgs unit of 
mmf is the gilbert (Gb). 


The field intensity, H, of a coil specifies 
the mmf per unit length. The units of 
H are Ast/m and the oersted. 


The permeability of a material 
indicates its ability to concentrate 
magnetic flux. 


Demagnetization of a magnetic 


material is also known as degaussing. 


Current in a straight conductor has 
an associated magnetic field with 
circular lines of force in a plane 


Important Terms 


Ampere-turn (A*t) — the SI unit of 
magnetomotive force (mmf). 


Ampere-turns/meter (A+t/m) — the SI 
unit of field intensity, H. 


B-H magnetization curve — a graph 
showing how the flux density, B, in 
teslas, increases with the field 
intensity, H, in ampere-turns/meter. 


Degaussing — a method of demag- 
netizing a material by using an 
alternating current. The method 
involves magnetizing and demag- 
netizing a material with a diminishing 
magnetic field until the material has 
practically zero residual induction. 


Faraday’s law — a law for determining 
the amount of induced voltage in a 
conductor. The amount of induced 
voltage, V,,g, is calculated as 


dp 


Vind = NV Gee 


Related Formulas 


Ampere-turns =/ N = mmf 


ampere-turns of mmf 
/meters 


H= 


B=uxH 


Electromagnetism 


perpendicular to the conductor. The 
direction of the circular field is 
counterclockwise when you look 
along the conductor in the direction 
of electron flow. 


The left-hand rule for determining 
the polarity of an electromagnet 
says that when your fingers curl 
around the turns in the direction of 
electron flow, the thumb points to 
the north pole. 


Motor action is the motion that 
results from the net force of two 
fields that can aid or cancel each 
other. The direction of the resultant 
orce is always from the stronger 


field to the weaker field. 


Generator action refers to induced 
voltage. For N turns, v,,, = N(d@/dt), 
where d@/dt stands for the change 
in flux (@) in time (Ò. The change is 
given in webers per second. There 
must be a change in flux to produce 


induced voltage. 


Field intensity (H) — the amount of 
mmf per unit length. The units 
for field intensity are A+t/m and 
oersted. 


olding current — the minimum amount 
of relay coil current required to keep 
a relay energized or operating. 


ysteresis — hysteresis means lagging 
behind. With respect to the magnetic 
flux in an iron core of an 
electromagnet, the flux lags behind 
the increases and decreases in 
magnetizing force. 


Left-hand rule — if a coil is grasped with 
the fingers of the left hand curled 
around the coil in the direction of 
electron flow, the thumb points to the 
north pole of the coil. 


Lenz’s law — Lenz’s law states that the 
direction of the induced current in 
a conductor must be such that its 
own magnetic field will oppose the 


Lenz’s law states that the direction 
of an induced current must be such 
that its own magnetic field will 
oppose the action that produced the 
induced current. 


The switching contacts of an 
electromechanical relay may be 
either normally open (NO) or 
normally closed (NC). The contacts 
are held in their normal or resting 
positions by springs or some 
gravity-actuated mechanism. 


The movable arm on a relay is called 


the armature. The armature is 
magnetic and has contacts that 
open or close with other contacts 
when the relay is energized. 


The pickup current of a relay is the 
minimum amount of relay coil 
current that will energize the relay. 
The holding current is the minimum 


relay coil current required to keep a 
relay energized. 


action that produced the induced 
current. 


Magnetomotive force (mmf) — a 
measure of the strength of a 
magnetic field based on the amount 
of current flowing in the turns of a 
coil. The units of mmf are the ampere- 

turn (Ast) and the gilbert (Gb). 


Motor action — a motion that results 
from the net force of two magnetic 
fields that can aid or cancel each 
other. The direction of the resultant 
force is always from a stronger field 
to a weaker field. 


Pickup current — the minimum amount 
of relay coil current necessary to 
energize or operate a relay. 


Saturation — the point in a magnetic 
material, such as an iron core, where 
further increases in field intensity 
produce no further increases in flux 
density. 
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Self-Test 


1. Acurrent of 20 mA flowing through 


a coil with 500 turns produces an 
mmf of 


a. 100 Art. 
b.1 Act. 

c. 1OAst. 
d. 7.93 Act. 


. A coil with 1000 turns must provide 
an mmf of 50 A-t. The required 
current is 
a.5 mA. 
b.O.5A. 

c. 50 uA. 
d. 50 mA. 


. The left-hand rule for solenoids 
states that 


a. if the fingers of the left hand 
encircle the coil in the same 

direction as electron flow, the 
thumb points in the direction of 
the north pole. 


if the thumb of the left hand points 
in the direction of current flow, the 


if the fingers of the left hand 
encircle the coil in the same 
direction as electron flow, the 
t 

t 


humb points in the direction of 
he south pole. 
if the thumb of the right hand 
points in the direction of electron 
flow, the fingers point in the 
direction of the north pole. 


Qa 


. The physical motion resulting from 
the forces of two magnetic fields is 
called 


a. Lenz’s law. 
b. motor action. 
c. the left-hand rule for coils. 


d. integration. 


. Motor action always tends to 
produce motion from 


a. a stronger field toward a weaker 
field. 


b. a weaker field toward a stronger 
field. 


c. anorth pole toward a south pole. 


d. none of the above. 


. A conductor will have an induced 
current or voltage only when 
there is 


a. a stationary magnetic field. 


b. a stationary conductor. 


Att 


fingers point toward the north pole. 


10. 


11. 


12. 


c. relative motion between the wire 
and magnetic field. 


d. both a and b. 


. The polarity of an induced voltage is 


determined by 

a. motor action. 

b. Lenz’s law. 

c. the number of turns in the coil. 


d. the amount of current in the coil. 


. For arelay, the pickup current is 


defined as 


a. the maximum current rating of the 
relay coil. 


b. the minimum relay coil current 
required to keep a relay energized. 


c. the minimum relay coil current 
required to energize a relay. 


d. the minimum current in the 
switching contacts. 


. The moveable arm of an attraction- 


type relay is called the 
a. contacts. 
b. relay coil. 
c. terminal. 


d. armature. 


For a conductor being moved 
through a magnetic field, the 
amount of induced voltage is 
determined by 


a. the rate at which the conductor 
cuts the magnetic flux. 
b. the number of magnetic flux 


ines that are cut by the 
conductor. 


c. the time of day during which the 
conductor is moved through the 
field. 


d. both a and b. 


Degaussing is done with 

a. strong permanent magnets. 
b. alternating current. 

c. static electricity. 


d. direct current. 


Hysteresis losses 


a. increase with higher 
frequencies. 


b. decrease with higher 
frequencies. 


c. are greater with direct current. 


d. increase with lower frequencies. 


13. 


14. 


15. 


16. 


T17: 


18. 


The saturation of an iron core occurs 
when 


a. all of the molecular dipoles and 
magnetic domains are aligned by 
the magnetizing force. 


b. the coil is way too long. 


c. the flux density cannot be 
increased in the core when the 
field intensity is increased. 


d. both a and c. 


The unit of field intensity is the 
a. oersted. 

b. gilbert. 

c. Ast/m. 

d. both a and c. 


For a single conductor carrying an 

alternating current, the associated 

magnetic field is 

a. only on the top side. 

b. parallel to the direction of 
current. 

c. at right angles to the direction of 
current. 


d. only on the bottom side. 


A coil with 200 mA of current has an 
mmf of 80 A-t. How many turns 
does the coil have? 


a. 4000 turns. 
b. 400 turns. 
c. 40 turns. 
d.16 turns. 


The magnetic field surrounding a 
solenoid is 


a. like that of a permanent magnet. 


b. unable to develop north and south 
poles. 


c. one without magnetic flux lines. 


d. unlike that of a permanent 
magnet. 


For a relay, the holding current is 
defined as 


a. the maximum current the relay 
contacts can handle. 


b. the minimum amount of relay coil 
current required to keep a relay 
energized. 


c. the minimum amount of relay 
oil current required to energize 
relay. 


oo 


d. the maximum current required to 
operate a relay. 


Chapter 14 


19. A vertical wire with electron flow into 
this page has an associated magnetic 


field which is 


a. 


b. 


clockwise. 


counterclockwise. 


c. parallel to the wire. 


d. none of the above. 


c. 750V. 
d. 750 mV. 


20. How much is the induced voltage 
when a magnetic flux cuts across 


150 turns at the rate of 5 Wb/s? 


a. 7.5 kV. 
b: 75V. 


Essay Questions 


State the rule for determining the magnetic polarity of a 
solenoid. (a) How can the polarity be reversed? (b) Why 
are there no magnetic poles when the current through 

the coil is zero? 


Why does the motor action between two magnetic 
fields result in motion toward the weaker field? 


Why does current in a conductor perpendicular to this 
page have a magnetic field in the plane of the paper? 


Why must the conductor and the external field be 
perpendicular to each other to have motor action or to 
generate induced voltage? 


Explain briefly how either motor action or generator 
action can be obtained with the same conductor in a 
magnetic field. 


Assume that a conductor being cut by the flux of an 
expanding magnetic field has 10 V induced with the top 
end positive. Now analyze the effect of the following 
changes: (a) The magnetic flux continues to expand, but 
at a slower rate. How does this affect the amount of 
induced voltage and its polarity? (b) The magnetic flux is 
constant, neither increasing nor decreasing. How much 
is the induced voltage? (c) The magnetic flux contracts, 
cutting across the conductor with the opposite direction 
of motion. How does this affect the polarity of the 
induced voltage? 


Problems 


SECTION 14-1 AMPERE-TURNS OF 
MAGNETOMOTIVE FORCE (mmf) 


14-1 


14-2 


14-3 


What is (a) the cgs unit of mmf? (b) the SI unit of 
mmf? 


Calculate the ampere-turns of mmf for a coil with the 
following values: 


a. [= 10 mA, N = 150 turns. 
b. /=15 mA, N = 100 turns. 
c. |= 2 mA, N = 5000 turns. 
d. /= 100 pA, N = 3000 turns. 


Calculate the ampere-turns of mmf for a coil with the 
following values: 


a. /=5 mA, N= 4000 turns. 
b. /=40 mA, N= 50 turns. 
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10. 


11. 


12: 


13. 


14. 


15: 


16. 


17. 


Redraw the graph in Fig. 14—18c for 500 turns with all 
other factors the same. 


Redraw the circuit with the coil and battery in Fig. 14—10, 
showing two different ways to reverse the magnetic polarity. 


Referring to Fig. 14—18, suppose that the flux 
decreases from 8 Wb to zero at the same rate as the 
increase. Tabulate all values as in Table 14—2 and draw 
the three graphs corresponding to those in Fig. 14-18. 


Assume that you have a relay whose pickup and holding 
current values are unknown. Explain how you can 
determine their values experimentally. 


List two factors that determine the strength of an 
electromagnet. 


What is meant by magnetic hysteresis? 
What is meant by the saturation of an iron core? 
List the three main parts of a relay. 


For a relay, what is meant by the terms normally open 
(NO) and normally closed (NC) contacts? 


Define the following terms as they relate to relays: (a) pickup 
current, (b) holding current, and (c) dropout voltage. 


List two common relay troubles. 


c. /=250 mA, N= 40 turns. 
d. |= 600 mA, N = 300 turns. 


14-4 Calculate the current required in a coil to provide an 


14-5 


mmf of 2 Art if the number of turns equals 
a. 50. 

b. 500. 

c. 100. 

d. 2000. 


Calculate the number of turns required in a coil to 
provide an mmf of 100 Ast if the current equals 


a. /=100 mA. 


b. /=25 mA. 
c. [= 40 mA. 
d. /=2A. 
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14-6 Convert the following values of mmf to gilberts (Gb): 
a. 100Ast. 
b. 30Ast. 


c. 500 Art. 


14-7 Convert the following values of mmf to ampere- 


turns (Ast): 
a. 126 Gb. 
b. 37.8 Gb. 
c. 630 Gb. 


SECTION 14-2 FIELD INTENSITY (H) 


14-8 What is (a) the cgs unit of field intensity? (b) the SI 
unit of field intensity? 
14-9 Calculate the field intensity, H, in ampere-turns per 
meter, for each of the following cases: 
a. mmf=100A:t,/=0.2 m. 
b. mmf = 25 Art, /=0.25 m. 
c. mmf = 4 A*t, / = 0.08 m. 
d. mmf = 20 A°t,/= 0.1 m. 
14-10 Calculate the field intensity, H, in ampere-turns per 
meter, for each of the following cases: 
a. /=40 mA, N = 500 turns, /=0.2 m: 
b: /=100 mA, N= 1000 turns, /=0.5 m. 
c. |= 60 mA, N= 600 turns, /= 0.25 m. 
d- /=10mA, N= 300 turns, /= 0.075 m. 
14-11 Convert the following values of field intensity to 
oersteds: 
a. 50Ast/m. 
b. 150 Ast/m. 
14-12 Convert the following values of field intensity to 


A-t/m. 
a. 0.63 oersteds. 
b. 1.89 oersteds. 


Critical Thinking 


14-23 Derive the value of 1.26 x 10-°T/(A*t/m) for 4 from 


u=B/H. 


14-24 What is the relative permeability (u) of a piece of 
soft iron whose permeability (u) equals 3.0 x 107? T/ 
(A-t/m)? 
14-25 Refer to Fig. 14—27a. Calculate (a) the total wire 
resistance Ry of the No. 12 gage copper wires; (b) the 
total resistance R, of the circuit; (c) the voltage 
available across the load R,; (d) the /?R power loss in 
the wire conductors; (e) the load power P; (f) the total 
power P, consumed by the circuit; (g) the percent 
efficiency of the system calculated as (P,/P;) x 100. 


14-26 Refer to Fig. 14—27b. Calculate (a) the total wire 


resistance Ry of the No. 20 gage copper wires; (b) 


446 


14-13 Calculate the absolute permeability, u, of a material if 


its relative permeability, u,, equals 
a. 10. 

b. 50. 

. 100. 

d. 500. 

e. 1000. 


Q 


14-14 Acoil with an iron core has a field intensity, H, of 
50 A-t/m. If the relative permeability, u,, equals 300, 
calculate the flux density, B, in teslas. 
14-15 Calculate the relative permeability, u,, of an iron core 
when a field intensity, H, of 750 A+t/m produces a 
flux density, B, of 0.126 T. 


14-16 Calculate the field intensity, H, of an electromagnet if 


the flux density, B, equals 0.504 teslas and the 
relative permeability of the core is 200. 


SECTION 14-3 B-H MAGNETIZATION CURVE 
14-17 Referring to the BH curve in Fig. 14—3, calculate the 
absolute permeability, u, in SI units for the icon core 


at a field intensity, H, of 
a. 3000 A-t/m. 
b. 5000 Art/m. 


SECTION 14-9 GENERATING AN INDUCED 
VOLTAGE 


14-18 A magnetic field cuts across a coil of 500 turns at 
the rate of 100 uWb/s. Calculate v4- 


14-19 A magnetic field cuts across a coil of 400 turns at 
the rate of 0.02 Wb/s. Calculate v4. 


14-20 Amagnetic flux of 300 Mx cuts across a coil of 1500 
turns in 200 us. Calculate vna- 


14-21 The magnetic flux surrounding a coil changes from 
1000 to 6000 Mx in 5 us. If the coil has 200 turns, 


how much is the induced voltage? 


14-22 Acoil has an induced voltage of 1 kV when the rate of 
flux change is 0.5 Wb/s. How many turns are in the coil? 


the total resistance R, of the relay coil circuit; (c) the 
voltage across the relay coil; (d) the PR power loss in 
the No. 20 gage copper wires in the relay coil circuit; 
(e) the total wire resistance Ry of the 10-ft length of 
No. 12 gage copper wires that connect the 16-Q 
load R, to the 240-V,c power line; (f) the voltage 
available across the load R}; (g) the PR power loss in 
the 10-ft length of the No. 12 gage copper wire; (h) 
the load power P,; (i) the total power P} consumed by 
the load side of the circuit; (j) the percent efficiency 
of the system calculated as (P,/P,) x 100. 


14-27 Explain the advantage of using a relay rather than an 
ordinary mechanical switch when controlling a high 
power load a long distance away. Use your solutions 
from Critical Thinking Probs. 14—25 and 14—26 to 
support your answer. 
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Figure 14-27 Circuit diagram for Critical Thinking Probs. 14-25 and 14-26. (a) Mechanical switch controlling a high power load a long 


distance away. (b) Relay controlling a high power load a long distance away. 


|= 500 ft 


wh. 


No. 12 
V = 240 Vac Se 


copper (cu) wire 


v 


1=500ft 


(a) 


1= 500 ft l 


Relay 
contacts 


No. 20 gage 


4 R 
copper (cu) wire 
2 


= 600 Q SPST, NO 


Relay 
coil 


|= 500 ft 


a ja 
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Answers to Self-Reviews 14-1 a 
b. 630Gb 


14-2 a. 1 


a 
b. 200 

c. 200 G/Oe 
d 

e 


. 250&t 
. 6.3 oersteds 


14-3 a. 0.189T 


a 
b. 4000 A-t/m approx. 


14-4 a. true 
b. true 


14-5 a. true 
b. true 


Electromagnetism 


l= 10 ft total 
length for 

l both copper 

wires 


No. 12 gage 
copper wire 


240 Vac 
14-6 a. left 
b. south 


14-7 a. true 
b. true 


14-8 a. south 
b. south 
c. yes 
14-9 a. 2Wb/s 
b. 2Wb/s 
14-10 true 
false 
true 
false 


ao oo 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the ohmmeter to determine this information. If the relay enclosure 
operating characteristics of a DC actuated relay. You will also shows a diagram and has its terminal connections numbered, 
construct two different relay circuits that control which of two transfer these numbers to the relay circuits shown in 
incandescent lamps are being lit. Figs. 14—28 to 14-30. 
Equipment: Obtain the following items from your instructor. 
j a variable dc power supply Figure 14-28 
* 12-Vpc actuated relay with SPDT switching contacts Relay 
* Two 6.3-V and two 12-V incandescent lamps ree 5 
* Normally open (NO) and normally closed (NC) push-button - . 

switches i 
* SPST switch i 

x 

Relay Specifications v i 
Examine the DC relay assigned to you. By inspection, locate 7 i 
the connecting terminals for the relay coil. Next, determine i 
which terminal connects to the armature and which contact | i 
terminals are normally open (NO) and normally closed (NC). If (A) eee te 7 


the relay is in an enclosure, you will probably need to use an 


Figure 14-29 


6.3-V lamp 


6.3-V lamp 


Figure 14-30 


Push button 
Push button 


Relay coil 
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In this part of the lab, we will experimentally determine the 
pickup current and the holding current for your relay. Recall 
that the pickup current is defined as the minimum amount of 
relay coil current required to energize or operate a relay. The 
holding current is defined as the minimum amount of current 
required to keep a relay energized or operating. 


Before connecting the relay to the circuit of Fig. 14-28, 


measure and record the resistance of the relay coil. Ro, = 


Connect the relay circuit shown in Fig. 14-28. Reduce the 
output from the DC power supply to O V. Slowly increase the 
voltage while monitoring the relay coil current indicated by 
the DMM. Carefully watch (or listen) for the relay contacts to 
open or close. When this happens, the relay is energized. 
Measure and record the minimum current that energizes the 
relay. This current is the relay’s pickup current. / 


Pickup 


With the relay still energized, slowly decrease the output 
from the DC power supply while watching (or listening) for 
the relay contacts to open or close. Measure and record 
the minimum current that is still able to keep the relay 
energized or operating. This current is the relay’s holding 
current, loiding = 


Design credit Multisim: ©Stockbyte/Getty Images 


Electromagnetism 


Which current is larger, the pickup current or the holding 
current? 


Is this what you expected? 


Relay Circuit 1 


Construct the relay circuit shown in Fig. 14—29. Depending on 
the position of the switch S,, one of the two 6.3-V bulbs should 
be on and the other should be off. Open and close S, several 
times to verify that the circuit is operating properly. Have an 
instructor check your circuit. 


Relay Circuit 2 


Examine the latching relay circuit in Fig. 14—30. When the relay is 
not energized, lamp L, will be lit and lamp L, will be off. Pressing 
the push-button switch S, energizes the relay. This turns lamp L, 
off and lamp L; on. To turn lamp L, on again and turn lamp L, off, 
press the push-button switch S, to deenergize the relay. 


Construct the circuit in Fig. 14—30. (The relay switching 
contacts are shown in their deenergized state.) Press S, and S, 
in succession to verify that the circuit is operating normally. 
Have an instructor check your circuit. 
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chapter 


15 


Alternating Voltage 
and Current 


n this chapter, and the chapters that follow, we will analyze circuits that operate 
| using an alternating voltage source. Specifically, in this chapter we will analyze the 
characteristics and terminology associated with sinusoidal waveforms, although 
nonsinusoidal waveforms are also discussed. A sine wave alternating voltage is a 
voltage that continuously varies in amplitude and periodically reverses in polarity. 
Similarly, a sine wave alternating current is a current that continuously varies in 
amplitude and periodically reverses in direction. One cycle of alternating voltage 
includes two alternations in polarity. The number of cycles per second is the 
frequency, measured in hertz (Hz). One cycle per second equals 1 Hz. Every AC 
voltage, whether it's sinusoidal or not, has both amplitude variations and polarity 
reversals. The amplitude values and rate of polarity reversal, however, vary from one 
AC waveform to the next. An example of a sine wave alternating voltage is the 120 V 
AC power line voltage whose frequency is 60 Hz. 


In this chapter, you will learn (a) how a sine wave of alternating voltage is generated, 
(b) the different units of angular measure, (c) the different voltage and current values 
for a sine wave, and (d) what is meant by the frequency, period, wavelength, and 


phase of sinusoidal waveforms. E 


Chapter Outline 


15-1 Alternating Current Applications 
15-2 Alternating-Voltage Generator 
15-3 The Sine Wave 

15-4 Alternating Current 


15-5 Voltage and Current Values for a Sine 
Wave 


15-6 Frequency 
15-7 Period 
15-8 Wavelength 


15-9 
15-10 
15-11 


15-12 
15-13 
15-14 
15-15 
15-16 


Phase Angle 
The Time Factor in Frequency and Phase 


Alternating Current Circuits with 
Resistance 


Nonsinusoidal AC Waveforms 
Harmonic Frequencies 

The 60-Hz AC Power Line 
Motors and Generators 


Three-Phase AC Power 


After studying this chapter, you should be able to 


m Describe how a sine wave of alternating 
voltage is generated. 

Œ Calculate the instantaneous value of a sine 
wave of alternating voltage or current. 

Ææ Define the following values for a sine wave: 
peak, peak-to-peak, root-mean-square, and 
average. 


™ Calculate the rms, average, and peak-to-peak 
values of a sine wave when the peak value is 
known. 


™ Define frequency and period and list the units 
of each. 


B® Calculate the wavelength when the frequency 
is known. 


m Explain the concept of phase angles. 


m Describe the makeup of a nonsinusoidal 
waveform. 


™ Define the term harmonics. 


™ Outline the basics of residential house wiring. 


alternation frequency 

average value generator 

cycle harmonic frequency 

decade hertz (Hz) 

effective value motor 

form factor nonsinusoidal 
waveform 


octave radian 

peak value root-mean-square 
period (rms) value 
phase angle sine wave 

phasor wavelength 


quadrature phase 
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GOOD TO KNOW 


The oscilloscope is a very 


versatile piece of test equipment. 


Its basic function is to view and 
measure AC waveforms. Most 
oscilloscopes can display two or 
more waveforms at the same tim 
which is important for 


comparison purposes. 


È 


15-1 Alternating Current Applications 


Figure 15-1 shows an AC voltage with the reversals between positive and negative 
polarities and the variations in amplitude. In Fig. 15—1a, the waveform shown simu- 
lates an AC voltage as it would appear on the screen of an oscilloscope, which is an 
important test instrument for AC voltages. The oscilloscope displays a graph of the 
AC voltage connected to its input terminals. The oscilloscope allows us to deter- 
mine important information about the displayed waveform such as its amplitude, 
period, and frequency, all of which will be explained in greater detail later in this 
chapter. The details of how to use the oscilloscope for AC voltage measurements is 
explained in Appendix E. 

In Fig. 15—1b, the graph of the AC waveform shows how the output from the 
generator in Fig. 15—Ic varies with respect to time. Assume that this graph shows 
V at terminal 2 with respect to terminal 1. Then the voltage at terminal 1 corre- 
sponds to the zero axis in the graph as the reference level. At terminal 2, the output 
voltage has positive amplitude variations from zero up to the peak value and down 
to zero. All these voltage values are with respect to terminal 1. After a half-cycle, 
the voltage at terminal 2 becomes negative, still with respect to the other terminal. 
Then the same voltage variations are repeated at terminal 2, but they have negative 
polarity compared to the reference level. Note that if we take the voltage at terminal 
1 with terminal 2 as the reference, the waveform in Fig. 15—1b would have the same 
shape but be inverted in polarity. The negative half-cycle would come first, but it 
does not matter which is first or second. 

The characteristic of varying values is the reason that AC circuits have so many 
uses. For instance, a transformer can operate only with alternating current to step up 
or step down an AC voltage. The reason is that the changing current produces changes 
in its associated magnetic field. This application is just an example of inductance L in 
AC circuits, where the changing magnetic flux of a varying current can produce 
induced voltage. The details of inductance are explained in Chaps. 19, 20, and 21. 

A similar but opposite effect in AC circuits is capacitance C. The capacitance is 
important with the changing electric field of a varying voltage. Just as L has an 
effect with alternating current, C has an effect that depends on alternating voltage. 
The details of capacitance are explained in Chaps. 16, 17, and 18. 


Figure 15-1 Waveform of AC power-line voltage with frequency of 60 Hz. Two cycles are shown. (a) Oscilloscope display. 
(b) Details of waveform and alternating polarities. (c) Symbol for an AC voltage source. 
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Figure 15-2 A loop rotating ina 
magnetic field to produce induced voltage 
with alternating polarities. (a) Loop 
conductors moving parallel to magnetic 
field results in zero voltage. (b) Loop 
conductors cutting across magnetic field 
produce maximum induced voltage. 


v= max 


(b) 


Alternating Voltage and Current 


The L and C are additional factors, beside resistance R, in the operation of AC 
circuits. Note that R is the same for either a DC or an AC circuit. However, the 
effects of L and C depend on having an AC source. The rate at which the AC varia- 
tions occur, which determines the frequency, allows a greater or lesser reaction by 
L and C. Therefore, the effect is different for different frequencies. One important 
application is a resonant circuit with L and C that is tuned to a particular fre- 
quency. The details of resonant circuits and tuning are examined in Chapter 25, 
“Resonance.” 

In general, electronic circuits are combinations of R, L, and C, with both direct 
current and alternating current. Audio, video, and radio signals are AC voltages and 
currents. However, amplifiers that use transistors and integrated circuits need DC 
voltages to conduct any current at all. The resulting output of an amplifier circuit, 
therefore, consists of direct current with a superimposed AC signal. 


E 75-1 Self-Review 


Answers at the end of the chapter. 
a. An AC voltage varies in magnitude and reverses in polarity. 


(True/False) 

b. A transformer can operate with either AC or a steady DC input. 
(True/False) 

c. Inductance L and capacitance C are important factors in AC circuits. 
(True/False) 


15-2 Alternating-Voltage Generator 


A sine wave alternating voltage is a voltage that continuously varies in magnitude 
and periodically reverses in polarity. In Fig. 15—1, the variations up and down on 
the waveform show the changes in magnitude. The zero axis is a horizontal line 
across the center. Then voltages above the center have positive polarity, and val- 
ues below center are negative. 

Figure 15-2 shows how such a voltage waveform is produced by a rotary genera- 
tor. The conductor loop rotates through the magnetic field to generate the induced 
AC voltage across its open terminals. The magnetic flux shown here is vertical, with 
lines of force in the plane of the paper. 

In Fig. 15—2a, the loop is in its horizontal starting position in a plane perpendicu- 
lar to the paper. When the loop rotates counterclockwise, the two longer conductors 
move around a circle. Note that in the flat position shown, the two long conductors 
of the loop move vertically up or down but parallel to the vertical flux lines. In this 
position, motion of the loop does not induce a voltage because the conductors are 
not cutting across the flux. 

When the loop rotates through the upright position in Fig. 15—2b, however, 
the conductors cut across the flux, producing maximum induced voltage. The 
shorter connecting wires in the loop do not have any appreciable voltage induced 
in them. 

Each of the longer conductors has opposite polarity of induced voltage because 
the conductor at the top is moving to the left while the bottom conductor is moving 
to the right. The amount of voltage varies from zero to maximum as the loop moves 
from a flat position to upright, where it can cut across the flux. Also, the polarity at 
the terminals of the loop reverses as the motion of each conductor reverses during 
each half-revolution. 

With one revolution of the loop in a complete circle back to the starting position, 
therefore, the induced voltage provides a potential difference v across the loop, vary- 
ing in the same way as the wave of voltage shown in Fig. 15-1. If the loop rotates at 
the speed of 60 revolutions per second, the AC voltage has a frequency of 60 Hz. 


453 


454 


Figure 15-3 One cycle of alternating voltage generated by a rotating loop. The magnetic 
field, not shown here, is directed from top to bottom, as shown in Fig. 15-2. 
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The Cycle 


One complete revolution of the conductor loop around the circle is a cycle. In Fig. 
15-3, the generator loop is shown in its position at each quarter-turn during one 
complete cycle. The corresponding wave of induced voltage also goes through 
one cycle. Although not shown, the magnetic field is from top to bottom of the 
page, as in Fig. 15-2. 

At position A in Fig. 15-3, the loop is flat and moves parallel to the magnetic 
field, so that the induced voltage is zero. Counterclockwise rotation of the loop 
moves the dark conductor to the top at position B, where it cuts across the field to 
produce maximum induced voltage. The polarity of the induced voltage here makes 
the open end of the dark conductor positive. This conductor at the top is cutting 
across the flux from right to left. At the same time, the opposite conductor below is 
moving from left to right, causing its induced voltage to have opposite polarity. 
Therefore, maximum induced voltage is produced at this time across the two open 
ends of the loop. Now the top conductor is positive with respect to the bottom 
conductor. 

In the graph of induced voltage values below the loop in Fig. 15-3, the polarity 
of the dark conductor is shown with respect to the other conductor. Positive voltage 
is shown above the zero axis in the graph. As the dark conductor rotates from its 
starting position parallel to the flux toward the top position, where it cuts maximum 
flux, more and more induced voltage is produced with positive polarity. 

When the loop rotates through the next quarter-turn, it returns to the flat posi- 
tion shown in C, where it cannot cut across flux. Therefore, the induced voltage 
values shown in the graph decrease from the maximum value to zero at the half- 
turn, just as the voltage was zero at the start. The half-cycle of revolution is called 
an alternation. 

The next quarter-turn of the loop moves it to the position shown at D in Fig. 15-3, 
where the loop cuts across the flux again for maximum induced voltage. Note, how- 
ever, that here the dark conductor is moving left to right at the bottom of the loop. 
This motion is reversed from the direction it had when it was at the top, moving right 
to left. Because the direction of motion is reversed during the second half-revolution, 
the induced voltage has opposite polarity with the dark conductor negative. This 
polarity is shown as negative voltage below the zero axis. The maximum value of 
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GOOD TO KNOW 


To convert from degrees to 
radians or vice versa, use the 


following conversion formulas: 


es 180° 
#deg = #rad X ard 
= mrad 
#rad = #deg X 180° 


Figure 15-4 One radian (rad) is the 
angle equal to 57.3°. The complete circle 
of 360° includes 2% rad. 


N 


2ar 


Circumference = 2z rad 


Alternating Voltage and Current 


induced voltage at the third quarter-turn is the same as at the first quarter-turn but 
with opposite polarity. 

When the loop completes the last quarter-turn in the cycle, the induced voltage 
returns to zero as the loop returns to its flat position at A, the same as at the start. 
This cycle of values of induced voltage is repeated as the loop continues to rotate 
with one complete cycle of voltage values, as shown, for each circle of revolution. 

Note that zero at the start and zero after the half-turn of an alternation are not the 
same. At the start, the voltage is zero because the loop is flat, but the dark conductor 
is moving upward in the direction that produces positive voltage. After one half- 
cycle, the voltage is zero with the loop flat, but the dark conductor is moving down- 
ward in the direction that produces negative voltage. After one complete cycle, the 
loop and its corresponding waveform of induced voltage are the same as at the start. 
A cycle can be defined, therefore, as including the variations between two succes- 
sive points having the same value and varying in the same direction. 


Angular Measure 


Because the cycle of voltage in Fig. 15-3 corresponds to rotation of the conductor 
loop around a circle, it is convenient to consider parts of the cycle in angles. The 
most common unit of angular measure is the degree. One complete revolution of 
the conductor loop around the circle corresponds to 360 degrees. Therefore, one 
complete cycle includes 360°. One half-cycle, or one alternation, is 180° of revo- 
lution. A quarter-turn is 90°. The circle next to the loop positions in Fig. 15-3 
illustrates the angular rotation of the dark conductor as it rotates counterclockwise 
from 0 to 90 to 180° for one half-cycle, then to 270°, and returning to 360° to 
complete the cycle. 


Radian Measure 


In angular measure, it is convenient to use a specific unit angle called the radian 
(abbreviated rad), which is an angle equal to 57.3°. Its convenience is due to the fact 
that a radian is the angular part of the circle that includes an arc equal to the radius 
r of the circle, as shown in Fig. 15-4. The circumference around the circle equals 
2ar. A circle includes 27 rad, then, as each radian angle includes one length r of the 
circumference. Therefore, one cycle equals 27 rad. 

As shown in the graph in Fig. 15-3, divisions of the cycle can be indicated by 
angles in either degrees or radians. The comparison between degrees and radians 
can be summarized as follows: 


Zero degrees is also zero radians 
360° = 27x rad 
180° = 4 x 2a rad = mrad 
90° = % x z rad = 2/2 rad 
270° = 180° + 90° or ~rad + 2/2 rad = 32/2 rad 


The constant 2z in circular measure is numerically equal to 6.2832. This is dou- 
ble the value of 3.1416 for z. The Greek letter z (pi) is used to represent the ratio of 
the circumference to the diameter for any circle, which always has the numerical 
value of 3.1416. The fact that 27 rad is 360° can be shown as 2 Xx 3.1416 x 57.3° 
= 360° for a complete cycle. 


E 75-2 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 15-3. 
a. How much is the induced voltage at 2/2 rad? 
b. How many degrees are in a complete cycle? 
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CALCULATOR 


With the calculator, be sure it is 
set for degrees, not radians or 
grad units. To find the value of 
the sine function, just punch in 
the number for angle @ in degrees 
and push the GIN) key to see the 


values of sin 0 on the display. 


Applying this procedure to 
Formula (15-1), find the value of 
sin 0 and multiply by the peak 
value Vu. Specifically, for the first 
problem in Example 15-1 with Vy 
of 100 and @ of 30°, first punch in 
30 on the calculator. Next press 
the GIN) key to see 0.5 on the 
display, which is sin 30°. Then push 
the multiplication (x) key, punch in 
100 for Vy, and press the 

(key for the final answer of 50. 
The same method is used for all 


the other values of angle 0. 
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15-3 The Sine Wave 


The voltage waveform in Figs. 15—1 and 15-3 is called a sine wave, sinusoidal wave, 
or sinusoid because the amount of induced voltage is proportional to the sine of the 
angle of rotation in the circular motion producing the voltage. The sine is a trigono- 
metric function of an angle; it is equal to the ratio of the opposite side to the hypot- 
enuse in a right triangle. This numerical ratio increases from zero for 0° to a 
maximum value of 1 for 90° as the side opposite the angle becomes larger. 

The voltage waveform produced by the circular motion of the loop is a sine wave 
because the induced voltage increases to a maximum at 90°, when the loop is verti- 
cal, in the same way that the sine of the angle of rotation increases to a maximum at 
90°. The induced voltage and sine of the angle correspond for the full 360° of the 
cycle. Table 15-1 lists the numerical values of the sine for several important angles 
to illustrate the specific characteristics of a sine wave. 

Notice that the sine wave reaches one-half its maximum value in 30°, which is 
only one-third of 90°. This fact means that the sine wave has a sharper slope of 
changing values when the wave is near the zero axis, compared with more gradual 
changes near the maximum value. 

The instantaneous value of a sine-wave voltage for any angle of rotation is 
expressed by the formula 


v=V,, sin 0 (15-1) 


where 0 (Greek letter theta) is the angle, sin is the abbreviation for its sine, V,, is the 
maximum voltage value, and v is the instantaneous value of voltage at angle 0. 


Example 15-1 


A sine wave of voltage varies from zero to a maximum of 100 V. How much is 
the voltage at the instant of 30° of the cycle? 45°? 90°? 270°? 


ANSWER v=YV,, sin 0 = 100 sin 0 


At 30°: v= V,, sin 30° = 100 x 0.5 
=50V 


At 45°: v= Vy sin 45° = 100 x 0.707 
=70.7V 


At 90°: v= Vy sin 90° = 100 x 1 
= 100 V 


At 270°: v = Vy, sin 270° = 100 x —1 
= —100 V 


The value of —100 V at 270° is the same as that at 90° but with opposite polarity. 


To do the problems in Example 15-1, you must either refer to a table of trigono- 
metric functions or use a scientific calculator that has trig functions. 

Between zero at 0° and maximum at 90°, the amplitudes of a sine wave increase 
exactly as the sine value of the angle of rotation. These values are for the first quad- 
rant in the circle, that is, 0 to 90°. From 90 to 180° in the second quadrant, the values 
decrease as a mirror image of the first 90°. The values in the third and fourth quad- 
rants, from 180 to 360°, are exactly the same as 0 to 180° but with opposite sign. 
At 360°, the waveform is back to 0° to repeat its values every 360°. 
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Table 15-1 Values in a Sine Wave 


Angle 0 
Degrees Radians Sin 0 Loop Voltage 

(0) (0) (0) Zero 

30 E 0.500 50% of maximum 

45 a 0.707 70.7% of maximum 

60 E 0.866 86.6% of maximum 

90 5 1.000 Positive maximum value 
180 m (0) Zero 
270 2 —1.000 Negative maximum value 
360 27 (0) Zero 


In summary, the characteristics of the sine-wave AC waveform are 


The cycle includes 360° or 27 rad. 

The polarity reverses each half-cycle. 

The maximum values are at 90 and 270°. 

The zero values are at 0 and 180°. 

The waveform changes its values fastest when it crosses the zero axis. 
The waveform changes its values slowest when it is at its maximum 
value. The values must stop increasing before they can decrease. 


Awa WN 


A perfect example of the sine-wave AC waveform is the 60-Hz power-line voltage 
in Fig. 15-1. 


E 75-3 Self-Review 
Answers at the end of the chapter. 


A sine-wave voltage has a peak value of 170 V. What is its value at 
a. 30°? 
b. 45°? 
c. 90°? 


15-4 Alternating Current 


When a sine wave of alternating voltage is connected across a load resistance, the 
current that flows in the circuit is also a sine wave. In Fig. 15-5, let the sine-wave 
voltage at the left in the diagram be applied across R of 100 Q. The resulting sine 
wave of alternating current is shown at the right in the diagram. Note that the fre- 
quency is the same for v and i. 

During the first alternation of v in Fig. 15-5, terminal 1 is positive with respect 
to terminal 2. Since the direction of electron flow is from the negative side of v, 
through R, and back to the positive side of v, current flows in the direction indicated 
by arrow A for the first half-cycle. This direction is taken as the positive direction of 
current in the graph for i, corresponding to positive values of v. 

The amount of current is equal to v/R. If several instantaneous values are taken, 
when v is zero, i is zero; when v is 50 V, i equals 50 V/100, or 0.5 A; when v is 


457 


458 


Figure 15-5 A sine wave of alternating voltage applied across R produces a sine wave of 
alternating current in the circuit. (a) Waveform of applied voltage. (b) AC circuit. Note the 
symbol for sine-wave generator V. (c) Waveform of current in the circuit. 


Volts 
Amperes 


100 V, i equals 100 V/100, or 1 A. For all values of applied voltage with positive 
polarity, therefore, the current is in one direction, increasing to its maximum value 
and decreasing to zero, just like the voltage. 

In the next half-cycle, the polarity of the alternating voltage reverses. Then ter- 
minal 1 is negative with respect to terminal 2. With reversed voltage polarity, cur- 
rent flows in the opposite direction. Electron flow is from terminal 1 of the voltage 
source, which is now the negative side, through R, and back to terminal 2. This 
direction of current, as indicated by arrow B in Fig. 15-5, is negative. 

The negative values of i in the graph have the same numerical values as the posi- 
tive values in the first half-cycle, corresponding to the reversed values of applied 
voltage. As a result, the alternating current in the circuit has sine-wave variations 
corresponding exactly to the sine-wave alternating voltage. 

Only the waveforms for v and i can be compared. There is no comparison between 
relative values because the current and voltage are different quantities. 

It is important to note that the negative half-cycle of applied voltage is just as 
useful as the positive half-cycle in producing current. The only difference is that the 
reversed polarity of voltage produces the opposite direction of current. 

Furthermore, the negative half-cycle of current is just as effective as the positive 
values when heating the filament to light a bulb. With positive values, electrons 
flow through the filament in one direction. Negative values produce electron flow 
in the opposite direction. In both cases, electrons flow from the negative side of the 
voltage source, through the filament, and return to the positive side of the source. 
For either direction, the current heats the filament. The direction does not matter, 
since it is the motion of electrons against resistance that produces power dissipation. 
In short, resistance R has the same effect in reducing / for either direct current or 
alternating current. 


E 75-4 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 15-5. 
a. When v is 70.7 V, how much is i? 
b. How much isi at 30°? 


15-5 Voltage and Current Values 
for a Sine Wave 


Since an alternating sine wave of voltage or current has many instantaneous val- 
ues through the cycle, it is convenient to define specific magnitudes to compare 
one wave with another. The peak, average, and root-mean-square (rms) values 
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GOOD TO KNOW 


The DC value of a waveform is its 
average value over one complete 
cycle. For a complete sine wave 
of alternating voltage, the 


average DC value is zero volts. 


If just one alternation of the sine 
wave is considered, however, 
then the average value is 
calculated using Formula (15-2). 
Do not confuse the average value 
of one alternation with the 


waveform’s DC value of O V. 


GOOD TO KNOW 


When the amplitude of a sine 
wave is measured with an AC 
voltmeter or AC current meter, 
the value displayed by the meter 


will be the waveform’s rms value. 


Alternating Voltage and Current 


Figure 15-6 Definitions of important amplitude values for a sine wave of 
voltage or current. 


Sess (ae === ---_ 
rms = 0.707 peak —F—-— 
AV = 0.637 peak —F— Peak 
value 
a Peak-to- 
peak value 


Amplitude, v ori 


can be specified, as indicated in Fig. 15-6. These values can be used for either 
current or voltage. 


Peak Value 


This is the maximum value V,, or /\,. For example, specifying that a sine wave has a 
peak value of 170 V states the highest value the sine wave reaches. All other values 
during the cycle follow a sine wave. The peak value applies to either the positive or 
the negative peak. 

To include both peak amplitudes, the peak-to-peak (p-p) value may be specified. 
For the same example, the peak-to-peak value is 340 V, double the peak value of 
170 V, since the positive and negative peaks are symmetrical. Note that the two 
opposite peak values cannot occur at the same time. Furthermore, in some wave- 
forms, the two peaks are not equal. 


Average Value 


This is an arithmetic average of all values in a sine wave for one alternation, or half- 
cycle. The half-cycle is used for the average because over a full cycle the average 
value is zero, which is useless for comparison. If the sine values for all angles up to 
180° for one alternation are added and then divided by the number of values, this 
average equals 0.637. These calculations are shown in Table 15-2. 

Since the peak value of the sine function is 1 and the average equals 0.637, then 


Average value = 0.637 x peak value (15-2) 


With a peak of 170 V, for example, the average value is 0.637 x 170 V, which equals 
approximately 108 V. 


Root-Mean-Square, or Effective, Value 


The most common method of specifying the amount of a sine wave of voltage or 
current is by relating it to the DC voltage and current that will produce the same 
heating effect. This is called its root-mean-square value, abbreviated rms. The for- 
mula is 


rms value = 0.707 x peak value (15-3) 
or 


Vong = 0.707 V oy 
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GOOD TO KNOW 


The rms value of an AC sine wave 
is its equivalent DC value for 
calculating power dissipation in a 
resistance. However, for any given 
sine wave, its own rms and DC 
values are different. For example, 
if the sine wave in Fig. 15-6 has a 
peak value of 10 V, then its rms 
value would be 7.07 V. However, 


the average or DC value of the 


waveform over one full cycle is O V. 


GOOD TO KNOW 


An oscilloscope can measure and 
display the peak and peak-to- 


peak values of an AC waveform. 
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Derivation of Average and rms 


dope sa Values for a Sine-Wave Alternation 

Interval Angle 0 Sin 0 (Sin 0)? 

1 Ss 0.26 0.07 

2 30° 0.50 0.25 

3 45° 0.71 0.50 

4 60° 0.87 075 

5 D> 0.97 0.93 

6 S10" 1.00 1.00 

T 105° 0.97 OLS 

8 120° 0.87 0.75 

9 135° 0.71 0.50 

10 150P 0.50 0.25 

11 165° 0.26 0.07 

12 180° 0.00 0.00 

Total VASA 6.00 


Average voltage: rms value: 


fee =0635' ny 6/12 = 0S = 0707 


* For angles between 90 and 180°, sin 8 = sin (180° — 0). 
+ More intervals and precise values are needed to get the exact average of 0.637. 


and 
Lins = 0.70 TL inax 


With a peak of 170 V, for example, the rms value is 0.707 x 170, or 120 V, approxi- 
mately. This is the voltage of the commercial AC power line, which is always given 
in rms value. 

It is often necessary to convert from rms to peak value. This can be done by 
inverting Formula (15-3), as follows: 


Peak = iF x rms = 1.414 x rms (15-4) 
or 

Va = L414V,,. 
and 

La = 1.4141, 


Dividing by 0.707 is the same as multiplying by 1.414. 

For example, commercial power-line voltage with an rms value of 120 V has a 
peak value of 120 x 1.414, which equals 170 V, approximately. Its peak-to-peak 
value is 2 x 170, or 340 V, which is double the peak value. As a formula, 


Peak-to-peak value = 2.828 x rms value (15-5) 
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GOOD TO KNOW 


The rms value of an AC waveform 
is sometimes referred to as its 


power producing value. 


GOOD TO KNOW 


Vine = Vera x 1 ol 


Figure 15-8 Number of 
cycles per second is the frequency in 


hertz (Hz) units. (a) f= 1 Hz. (b) f= 4 Hz. 


1cycle 


(6) 
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Figure 15-7 Waveforms A and B have different amplitudes, but they are both sine waves. 


+100 V 


-100 V 


The factor 0.707 for the rms value is derived as the square root of the aver- 
age (mean) of all the squares of the sine values. If we take the sine for each 
angle in the cycle, square each value, add all the squares, divide by the number 
of values added to obtain the average square, and then take the square root of 
this mean value, the answer is 0.707. These calculations are shown in Table 
15-2 for one alternation from 0 to 180°. The results are the same for the oppo- 
site alternation. 

The advantage of the rms value derived in terms of the squares of the voltage or 
current values is that it provides a measure based on the ability of the sine wave to 
produce power, which is PR or V?/R. As a result, the rms value of an alternating 
sine wave corresponds to the same amount of direct current or voltage in heating 
power. An alternating voltage with an rms value of 120 V, for instance, is just as 
effective in heating the filament of a lightbulb as 120 V from a steady DC voltage 
source. For this reason, the rms value is also called the effective value. 

Unless indicated otherwise, all sine-wave AC measurements are in rms values. 
The capital letters V and Z are used, corresponding to the symbols for DC values. As 
an example, V = 120 V for AC power-line voltage. 

The ratio of the rms to average values is the form factor. For a sine wave, this 
ratio is °"%637 = 1.11. 

Note that sine waves can have different amplitudes but still follow the sinusoidal 
waveform. Figure 15-7 compares a low-amplitude voltage with a high-amplitude 
voltage. Although different in amplitude, they are both sine waves. In each wave, the 
rms value = 0.707 x peak value. 


E 75-5 Self-Review 


Answers at the end of the chapter. 


a. Convert 170 V peak to rms value. 
Convert 10 V rms to peak value. 
c. Convert 1 V rms to peak-to-peak value. 


15-6 Frequency 


The number of cycles per second is the frequency, with the symbol f. In Fig. 15-3, 
if the loop rotates through 60 complete revolutions, or cycles, during 1 s, the fre- 
quency of the generated voltage is 60 cps, or 60 Hz. You see only one cycle of the 
sine waveform, instead of 60 cycles, because the time interval shown here is %o s. 
Note that the factor of time is involved. More cycles per second means a higher 
frequency and less time for one cycle, as illustrated in Fig. 15-8. Then the changes 
in values are faster for higher frequencies. 
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PIONEERS 
IN ELECTRONICS 


In 1887, German physicist Heinrich 
Hertz (1857-1894) proved that 


electricity could be transmitted in 


electromagnetic waves. In his 
honor, the hertz (Hz) is now the 
standard unit for the measurement 
of frequency. One Hz equals one 


complete cycle per second. 
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Bettmann/Getty Images 


A complete cycle is measured between two successive points that have the same 
value and direction. In Fig. 15-8, the cycle is between successive points where the 
waveform is zero and ready to increase in the positive direction. Or the cycle can be 
measured between successive peaks. 

On the time scale of 1 s, waveform a goes through one cycle; waveform b has 
much faster variations, with four complete cycles during 1 s. Both waveforms are 
sine waves, even though each has a different frequency. 

In comparing sine waves, the amplitude has no relation to frequency. Two wave- 
forms can have the same frequency with different amplitudes (Fig. 15-7), the same 
amplitude but different frequencies (Fig. 15-8), or different amplitudes and fre- 
quencies. The amplitude indicates the amount of voltage or current, and the fre- 
quency indicates the rate of change of amplitude variations in cycles per second. 


Frequency Units 


The unit called the hertz (Hz), named after Heinrich Hertz, is used for cycles per 
second. Then 60 cps = 60 Hz. All metric prefixes can be used. As examples 


1 kilocycle per second = 1 x 10° Hz = 1 kHz 
1 megacycle per second = 1 x 10° Hz = 1 MHz 
1 gigacycle per second = 1 x 10° Hz = 1 GHz 


Audio and Radio Frequencies 


The entire frequency range of alternating voltage or current from 1 Hz to many 
megahertz can be considered in two broad groups: audio frequencies (af) and radio 
frequencies (rf). Audio is a Latin word meaning “I hear.” The audio range includes 
frequencies that can be heard as sound waves by the human ear. This range of 
audible frequencies is approximately 16 to 16,000 Hz. 

The higher the frequency, the higher the pitch or tone of the sound. High audio 
frequencies, about 3000 Hz and above, provide treble tone. Low audio frequencies, 
about 300 Hz and below, provide bass tone. 

Loudness is determined by amplitude. The greater the amplitude of the af varia- 
tion, the louder its corresponding sound. 

Alternating current and voltage above the audio range provide rf variations, since 
electrical variations of high frequency can be transmitted by electromagnetic radio 
waves. Examples of frequency allocations are given in Table 15-3. 


Sonic and Ultrasonic Frequencies 


These terms refer to sound waves, which are variations in pressure generated by 
mechanical vibrations, rather than electrical variations. The velocity of sound waves 


Table 15-3 Examples of Common Frequencies 


Frequency Use 
60 Hz AC power line (US) 
50-15,000 Hz Audio equipment 


535 —11G0)5 lak” AM radio broadcast band 
54-60 MHz TV channel 2 
88-108 MHz FM radio broadcast band 


* Expanded to 1705 kHz in 1991. 
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GOOD TO KNOW 


An oscilloscope can measure the 
period and frequency of an AC 


waveform. 
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through dry air at 20°C equals 1130 ft/s. Sound waves above the audible range of 
frequencies are called ultrasonic waves. The range of frequencies for ultrasonic 
applications, therefore, is from 16,000 Hz up to several megahertz. Sound waves in 
the audible range of frequencies below 16,000 Hz can be considered sonic or sound 
frequencies. The term audio is reserved for electrical variations that can be heard 
when converted to sound waves. 


E 75-6 Self-Review 


Answers at the end of the chapter. 


a. What is the frequency of the bottom waveform in Fig. 15-8? 
b. Convert 1605 kHz to megahertz. 


15-7 Period 


The amount of time it takes for one cycle is called the period. Its symbol is T for 
time. With a frequency of 60 Hz, as an example, the time for one cycle is %o s. 
Therefore, the period is %o s. Frequency and period are reciprocals of each other: 


me =L = 
taz or =F (15-6) 
The higher the frequency, the shorter the period. In Fig. 15—8a, the period for the 
wave with a frequency of 1 Hz is 1 s, and the higher frequency wave of 4 Hz in 
Fig. 15—8b has a period of 4 s for a complete cycle. 


Units of Time 


The second is the basic unit of time, but for higher frequencies and shorter periods, 
smaller units of time are convenient. Those used most often are: 


T=1 millisecond = 1 ms = 1 x 10% s 
T = 1 microsecond = 1 ws = 1 x 10% s 
T = 1 nanosecond = 1 ns = 1 x 10° s 


These units of time for a period are reciprocals of the corresponding units for fre- 
quency. The reciprocal of frequency in kilohertz gives the period T in milliseconds; 
the reciprocal of megahertz is microseconds; the reciprocal of gigahertz is 
nanoseconds. 


Example 15-2 


An alternating current varies through one complete cycle in “ow s. Calculate 
the period and frequency. 


1 
ANSWER T=75555 
zdal 
i= T o% 
= 1000 = 1000 


= 1000 Hz or 1 kHz 
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Figure 15-9 Wavelength 4 is the 


distance traveled by the wave in one cycle. 


4=40cm ——> 


Distance, 
cm 


GOOD TO KNOW 


The wavelength, å, in meters is 


found using the following 


formula: A(m) = === 
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Example 15-3 


Calculate the period for the two frequencies of 1 MHz and 2 MHz. 


ANSWER 
a. For 1 MHz, 
zlo d 
f 1x10 
=1x10°s=1 ps 
b. For 2 MHz, 


=0.5 x 10% s = 0.5 us 


To do these problems on a calculator, you need the reciprocal key, usually 
marked T. Keep the powers of 10 separate and remember that the reciprocal 
has the same exponent with opposite sign. With fof 2 x 10°, for 1/f just punch in 
2 and then press QP) and the Tokey to see 0.5 as the reciprocal. The 10° for 
f becomes 10% for T so that the answer is 0.5 x 10% s or 0.5 us. 


E 715-7 Self-Review 
Answers at the end of the chapter. 


a. T = Ys. Calculate f. 
b. f= 400 Hz. Calculate T. 


15-8 Wavelength 


When a periodic variation is considered with respect to distance, one cycle includes 
the wavelength, which is the length of one complete wave or cycle (Fig. 15-9). For 
example, when a radio wave is transmitted, variations in the electromagnetic field 
travel through space. Also, with sound waves, the variations in air pressure corre- 
sponding to the sound wave move through air. In these applications, the distance 
traveled by the wave in one cycle is the wavelength. The wavelength depends upon 
the frequency of the variation and its velocity of transmission: 
_ velocity 


~ frequency =?) 


where 4 (the Greek letter lambda) is the symbol for one complete wavelength. 


Wavelength of Radio Waves 


The velocity of electromagnetic radio waves in air or vacuum is 186,000 mi/s, or 
3 x 10'° cm/s, which is the speed of light. Therefore, 


A(cm) = OD (15-8) 


Note that the higher the frequency, the shorter the wavelength. For instance, the 
short-wave radio broadcast band of 5.95 to 26.1 MHz includes frequencies higher 
than the standard AM radio broadcast band of 535 to 1605 kHz. 
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Example 15-4 


Calculate 4 for a radio wave with f of 30 GHz. 


ANSWER 
_ 3x10"cm/s _ 3 
a= Soe a0 e 
=0.1x 10 
= ] cm 


Such short wavelengths are called microwaves. This range includes 4 of 1 m or 
less for frequencies of 300 MHz or more. 


Example 15-5 


The length of a TV antenna is 4/2 for radio waves with f of 60 MHz. What is 
the antenna length in centimeters and feet? 


ANSWER 


es 3 x 10° cm/s _ 1 “16% en 


60 x 10° Hz 20 
= 0.05 x 10* 
= 500 cm 


Then, 1/2 = % = 250 cm. 
b. Since 2.54 cm = 1 in., 


1/2 =~ 220m _ = 98.4 in. 


2.54 cm/in. 
_ 98.4in _ 
“fan e?" 


Example 15-6 


For the 6-m band used in amateur radio, what is the corresponding frequency? 


ANSWER The formula 4 = v/f can be inverted 


Then 


f=3x10 cm/s _ 3 x 10'° cm/s 
6m 6 x 10° cm 


=3 x 10° =0.5 x 10° Hz 


=50x10°Hz or 50MHz 
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Wavelength of Sound Waves 


The velocity of sound waves is much lower than that of radio waves because sound 
waves result from mechanical vibrations rather than electrical variations. In average 
conditions, the velocity of sound waves in air equals 1130 ft/s. To calculate the 
wavelength, therefore, 

1130 ft/s 

A= 15-9 

This formula can also be used for ultrasonic waves. Although their frequencies are 
too high to be audible, ultrasonic waves are still sound waves rather than radio 
waves. 


Example 15-7 


What is the wavelength of the sound waves produced by a loudspeaker at a 
frequency of 100 Hz? 


ANSWER 
j= 1130 ft/s 
100 Hz 
A= 11.3 ft 


Example 15-8 


For ultrasonic waves at a frequency of 34.44 kHz, calculate the wavelength in 
feet and in centimeters. 


ANSWER 
ja 1130 
34.44 x 10 
= 32.8 x 10° ft 
= 0.0328 ft 


To convert to inches, 
0.0328 ft x 12 = 0.3936 in. 
To convert to centimeters, 


0.3936 in. x 2.54=1cm approximately 


Note that the 34.44-kHz sound waves in this example have the same wavelength 
(1 cm) as the 30-GHz radio waves in Example 15—4. The reason is that radio waves 
have a much higher velocity than sound waves. 
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GOOD TO KNOW 


To compare the phase 
relationship between two AC sine 
waves, both sine waves must 


have exactly the same frequency. 
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E 75-8 Self-Review 


Answers at the end of the chapter. 


a. The higher the frequency, the shorter the wavelength 1. 
(True/False) 
The higher the frequency, the longer the period T. (True/False) 
c. The velocity of propagation for radio waves in free space is 
3 x 10" cm/s. (True/False) 


15-9 Phase Angle 


Referring back to Fig. 15-3, suppose that the generator started its cycle at point B, 
where maximum voltage output is produced, instead of starting at the point of zero 
output. If we compare the two cases, the two output voltage waves would be as 
shown in Fig. 15-10. Each is the same waveform of alternating voltage, but wave B 
starts at maximum, and wave A starts at zero. The complete cycle of wave B through 
360° takes it back to the maximum value from which it started. Wave A starts and 
finishes its cycle at zero. With respect to time, therefore, wave B is ahead of wave A 
in values of generated voltage. The amount it leads in time equals one quarter- 
revolution, which is 90°. This angular difference is the phase angle between waves 
B and A. Wave B leads wave A by the phase angle of 90°. 

The 90° phase angle between waves B and A is maintained throughout the com- 
plete cycle and in all successive cycles, as long as they both have the same fre- 
quency. At any instant, wave B has the value that A will have 90° later. For instance, 
at 180° wave A is at zero, but B is already at its negative maximum value, where 
wave A will be later at 270°. 

To compare the phase angle between two waves, they must have the same fre- 
quency. Otherwise, the relative phase keeps changing. Also, they must have sine- 
wave variations because this is the only kind of waveform that is measured in angular 
units of time. The amplitudes can be different for the two waves, although they are 
shown the same here. We can compare the phases of two voltages, two currents, or 
a current with a voltage. 


The 90° Phase Angle 


The two waves in Fig. 15-10 represent a sine wave and a cosine wave 90° out of 
phase with each other. The 90° phase angle means that one has its maximum 


Figure 15-10 Two sine-wave voltages 90° out of phase. (a) Wave B leads wave A by 90°. 
(b) Corresponding phasors V; and V, for the two sine-wave voltages with phase angle 
0 = 90°. The right angle shows quadrature phase. 


Ve 
ats Sine wave A 


7 Cosine wave B 


Volts 


Time 


Va 
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GOOD TO KNOW 


The instantaneous value of a 
cosine-wave voltage for any angle 
of rotation is expressed by the 


formula 


V= V COSO: 
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amplitude when the other is at zero value. Wave A starts at zero, corresponding to 
the sine of 0°, has its peak amplitude at 90 and 270°, and is back to zero after one 
cycle of 360°. Wave B starts at its peak value, corresponding to the cosine of 0°, 
has its zero value at 90 and 270°, and is back to the peak value after one cycle 
of 360°. 

However, wave B can also be considered a sine wave that starts 90° before wave 
A in time. This phase angle of 90° for current and voltage waveforms has many 
applications in sine-wave AC circuits with inductance or capacitance. 

The sine and cosine waveforms have the same variations but displaced by 90°. 
Both waveforms are called sinusoids. The 90° angle is called quadrature phase. 


Phase-Angle Diagrams 


To compare phases of alternating currents and voltages, it is much more convenient 
to use phasor diagrams corresponding to the voltage and current waveforms, as 
shown in Fig. 15—10b. The arrows here represent the phasor quantities correspond- 
ing to the generator voltage. 

A phasor is a quantity that has magnitude and direction. The length of the arrow 
indicates the magnitude of the alternating voltage in rms, peak, or any AC value, as 
long as the same measure is used for all phasors. The angle of the arrow with respect 
to the horizontal axis indicates the phase angle. 

The terms phasor and vector are used for a quantity that has direction, requiring 
an angle to specify the value completely. However, a vector quantity has direction in 
space, whereas a phasor quantity varies in time. As an example of a vector, a 
mechanical force can be represented by a vector arrow at a specific angle, with 
respect to either the horizontal or the vertical direction. 

For phasor arrows, the angles shown represent differences in time. One sinusoid 
is chosen as the reference. Then the timing of the variations in another sinusoid can 
be compared to the reference by means of the angle between the phasor arrows. 

The phasor corresponds to the entire cycle of voltage, but is shown only at 
one angle, such as the starting point, since the complete cycle is known to be a 
sine wave. Without the extra details of a whole cycle, phasors represent the alter- 
nating voltage or current in a compact form that is easier for comparing phase 
angles. 

In Fig. 15-10, for instance, the phasor V, represents the voltage wave A with 
a phase angle of 0°. This angle can be considered the plane of the loop in the 
rotary generator where it starts with zero output voltage. The phasor V, is vertical 
to show the phase angle of 90° for this voltage wave, corresponding to the vertical 
generator loop at the start of its cycle. The angle between the two phasors is the 
phase angle. 

The symbol for a phase angle is 0 (the Greek letter theta). In Fig. 15—10, as an 
example, 0 = 90°. 


Phase—Angle Reference 


The phase angle of one wave can be specified only with respect to another as refer- 
ence. How the phasors are drawn to show the phase angle depends on which phase 
is chosen as the reference. Generally, the reference phasor is horizontal, corre- 
sponding to 0°. Two possibilities are shown in Fig. 15-11. In Fig. 15—1 1a, the volt- 
age wave A or its phasor V, is the reference. Then the phasor V, is 90° 
counterclockwise. This method is standard practice, using counterclockwise rota- 
tion as the positive direction for angles. Also, a leading angle is positive. In this 
case, then, V, is 90° counterclockwise from the reference V, to show that wave B 
leads wave A by 90°. 

However, wave B is shown as the reference in Fig. 15—11b. Now V, is the hori- 
zontal phasor. To have the same phase angle, V, must be 90° clockwise, or —90° 
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Figure 15-13 Two waveforms 
in phase, or the phase angle is 0°. 
(a) Waveforms. (b) Phasor diagram. 


Va 
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j 360° = 1⁄120 s >| 


Figure 15-11 Leading and lagging phase angles for 90°. (a) When phasor V, is the 
horizontal reference, phasor V leads by 90°. (b) When phasor V; is the horizontal reference, 
phasor V, lags by —90°. 
Ve Counter- 
clockwise 


angle 


90° 


Va Ve 


Clockwise 
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Va 


Figure 15-12 Phase angle of 60° is the time for £/3s0 or '/ of the cycle. (a) Waveforms. 
(b) Phasor diagram. 


Wave C 
120 Hz 


Vo 


(a) (b) 


from V,. This arrangement shows that negative angles, clockwise from the 0° refer- 
ence, are used to show lagging phase angles. The reference determines whether the 
phase angle is considered leading or lagging in time. 

The phase is not actually changed by the method of showing it. In Fig. 15-11, 
V, and V, are 90° out of phase, and V, leads V, by 90° in time. There is no funda- 
mental difference whether we say V, is ahead of V, by +90° or V, is behind 
V, by —90°. 

Two waves and their corresponding phasors can be out of phase by any angle, 
either less or more than 90°. For instance, a phase angle of 60° is shown in 
Fig. 15-12. For the waveforms in Fig. 15—12a, wave D is behind C by 60° in time. 
For the phasors in Fig. 15-120, this lag is shown by the phase angle of —60°. 


In-Phase Waveforms 


A phase angle of 0° means that the two waves are in phase (Fig. 15-13). 


Out-of-Phase Waveforms 


An angle of 180° means opposite phase, or that the two waveforms are exactly out 
of phase (Fig. 15-14). Then the amplitudes are opposing. 
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Figure 15-14 Two waveforms out of 
phase or in opposite phase with phase 
angle of 180°. (a) Waveforms. (b) Phasor 
diagram. 


GOOD TO KNOW 


When t and f are known, @ can be 
calculated as 0 = t x 360° where 


Jail 
Te 
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E 75-9 Self-Review 


Answers at the end of the chapter. 


Give the phase angle in 
a. Fig. 15-10. 
. Fig. 15-12. 
c. Fig. 15-13. 


15-10 The Time Factor in Frequency and 
Phase 


It is important to remember that the waveforms we are showing are graphs drawn on 
paper. The physical factors represented are variations in amplitude, usually on the 
vertical scale, with respect to equal intervals on the horizontal scale, which can 
represent either distance or time. To show wavelength, as in Fig. 15-9, the cycles of 
amplitude variations are plotted against distance or length. To show frequency, the 
cycles of amplitude variations are shown with respect to time in angular measure. 
The angle of 360° represents the time for one cycle, or the period T. 

As an example of how frequency involves time, a waveform with stable fre- 
quency is actually used in electronic equipment as a clock reference for very small 
units of time. Assume a voltage waveform with the frequency of 10 MHz. The 
period T is 0.1 ws. Therefore, every cycle is repeated at 0.1-ys intervals. When each 
cycle of voltage variations is used to indicate time, then, the result is effectively a 
clock that measures 0.1-ys units. Even smaller units of time can be measured with 
higher frequencies. In everyday applications, an electric clock connected to the 
power line keeps correct time because it is controlled by the exact frequency of 
60 Hz. 

Furthermore, the phase angle between two waves of the same frequency indi- 
cates a specific difference in time. As an example, Fig. 15—12 shows a phase angle 
of 60°, with wave C leading wave D. Both have the same frequency of 120 Hz. The 
period T for each wave then is 120 s. Since 60° is one-sixth of the complete cycle of 
360°, this phase angle represents one-sixth of the complete period of 20 s. If we 
multiply % Xx 120, the answer is 420 s for the time corresponding to the phase angle 
of 60°. If we consider wave D lagging wave C by 60°, this lag is a time delay of 20 s. 

More generally, the time for a phase angle @ can be calculated as 


= xl £ 
Han T (15-10) 
where fis in Hz, @ is in degrees, and f is in seconds. 
The formula gives the time of the phase angle as its proportional part of the total 
period of one cycle. For the example of 0 equal to 60° with f at 120 Hz, 


0 yl 
= 360 * f 

oO. 1 1041 
= 360 “120 6 * 120 
_ 1 

=70° 


t 
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Answers at the end of the chapter. 


a. In Fig. 15-12, how much time corresponds to 180°? 
b. For two waves with a frequency of 1 MHz, how much time is the 
phase angle of 36°? 
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GOOD TO KNOW 


In AC circuits, power is always 
calculated using rms values of 


voltage and current. 


Figure 15-16 Series AC circuit with 
resistance only. 


I=4A 


V;=120V 
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Figure 15-15 = AnACcircuitwith resistance Ralone. (a) Schematic diagram. (b) Waveforms. 


Amplitude 


(a) (b) 


15-11 Alternating Current Circuits 


with Resistance 


An AC circuit has an AC voltage source. Note the symbol in Fig. 15-15 used for any 
source of sine-wave alternating voltage. This voltage connected across an external 
load resistance produces alternating current of the same waveform, frequency, and 
phase as the applied voltage. 

The amount of current equals V/R by Ohm’s law. When V is an rms value, J is 
also an rms value. For any instantaneous value of V during the cycle, the value of 7 
is for the corresponding instant. 

In an AC circuit with only resistance, the current variations are in phase with the 
applied voltage, as shown in Fig. 15-15. This in-phase relationship between V and 
I means that such an AC circuit can be analyzed by the same methods used for DC 
circuits, since there is no phase angle to consider. Circuit components that have R 
alone include resistors, the filaments of lightbulbs, and heating elements. 

The calculations in AC circuits are generally in rms values, unless noted other- 
wise. In Fig. 15—15a, for example, the 120 V applied across the 10-Q R, produces 
rms current of 12 A. The calculations are 


-V  120V 45 4, 


-R 102 
Furthermore, the rms power dissipation is /*R, or 


P = 144 x 10 = 1440 W 


Series AC Circuit with R 


In Fig. 15-16, R, is 30 Q, equal to the sum of 10 Q for R, plus 20 Q for R,. The cur- 
rent in the series circuit is 


_ Vr 120V _ 
“R 00 A 


The 4-A current is the same in all parts of the series circuit. This principle applies 
for either an AC or a DC source. 

Next, we can calculate the series voltage drops in Fig. 15—16. With 4 A through 
the 10-Q R}, its JR voltage drop is 


V,=1xR,=4Ax102=40V 


The same 4 A through the 20-Q R, produces an ZR voltage drop of 80 V. The 
calculations are 


V,=I1xR,=4AX20Q2=80V 
Note that the sum of 40 V for V, and 80 V for V, in series equals the 120 V applied. 
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Figure 15-17 Parallel AC circuit with resistance only. 


Parallel AC Circuit with R 


In Fig. 15-17, the 10-Q R, and 20-Q R, are in parallel across the 120-V,.. source. 
Therefore, the voltage across the parallel branches is the same as the applied 
voltage. 

Each branch current, then, is equal to 120 V divided by the branch resistance. 
The branch current for the 10-Q R, is 


_120V_ 
=ip0 =A 


The same 120 V is across the 20-Q branch with R,. Its branch current is 


-120V _6A 


= 300 = 


The total line current /, is 12 + 6 = 18 A, or the sum of the branch currents. 


Series—Parallel AC Circuit with R 


See Fig. 15-18. The 20-Q R, and 20-Q R, are in parallel, for an equivalent bank 
resistance of °% or 10 Q. This 10-Q bank is in series with the 20-Q R, in the main 
line and totals 30 Q for R, across the 120-V source. Therefore, the main line current 
produced by the 120-V source is 


_ Vr _ 120V _ 
nF soo 


The voltage drop across R, in the main line is calculated as 
V=1,xXR,=4Ax20Q=80V 


Subtracting this 80-V drop from the 120 V of the source, the remaining 40 V is 
across the bank of R, and R, in parallel. Since the branch resistances are equal, the 


Figure 15-18 — Series-parallel AC circuit with resistance only. 


R =20Q 
V,=80V 
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4-A I, divides equally, 2 A in R, and 2 A in R,. The branch currents can be calcu- 
lated as 


_40V_ 
=x 5724 
_40V_ 
ca) A 


Note that the 2 A for J, and 2 A for J, in parallel branches add to equal the 4-A cur- 
rent in the main line. 
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Answers at the end of the chapter. 


Calculate R, in 
a. Fig. 15-16. 
. Fig. 15-17. 
c. Fig. 15-18. 


15-12 Nonsinusoidal AC Waveforms 


The sine wave is the basic waveform for AC variations for several reasons. This 
waveform is produced by a rotary generator; the output is proportional to the angle 
of rotation. In addition, electronic oscillator circuits with inductance and capaci- 
tance naturally produce sine-wave variations. 

Because of its derivation from circular motion, any sine wave can be analyzed in 
terms of angular measure, either in degrees from 0 to 360° or in radians from 0 to 27 
rad. 

Another feature of a sine wave is its basic simplicity; the rate of change of the 
amplitude variations corresponds to a cosine wave that is similar but 90° out of 
phase. The sine wave is the only waveform that has this characteristic of a rate of 
change with the same waveform as the original changes in amplitude. 

In many electronic applications, however, other waveshapes are important. Any 
waveform that is not a sine or cosine wave is a nonsinusoidal waveform. Common 
examples are the square wave and sawtooth wave in Fig. 15-19. 

For either voltage or current nonsinusoidal waveforms, there are important differ- 
ences and similarities to consider. Note the following comparisons with sine waves. 


1. In all cases, the cycle is measured between two points having the same 
amplitude and varying in the same direction. The period is the time for 
one cycle. In Fig. 15-19, T for any of the waveforms is 4 ys and the 
corresponding frequency is 1/7, equal to 0.25 MHz. 

2. Peak amplitude is measured from the zero axis to the maximum positive 
or negative value. However, peak-to-peak amplitude is better for 
measuring nonsinusoidal waveshapes because they can have 
unsymmetrical peaks, as in Fig. 15—19d. For all waveforms shown here, 
though, the peak-to-peak (p-p) amplitude is 20 V. 

3. The rms value 0.707 of maximum applies only to sine waves because this 
factor is derived from the sine values in the angular measure used only 
for the sine waveform. 

4. Phase angles apply only to sine waves because angular measure is used 
only for sine waves. Note that the horizontal axis for time is divided into 
angles for the sine wave in Fig. 15—19a, but there are no angles shown for 
the nonsinusoidal waveshapes. 

5. All waveforms represent AC voltages. Positive values are shown above 
the zero axis, and negative values below the axis. 


473 


GOOD TO KNOW 


Square wave and pulse-type wave 
forms are common in digital 
electronic circuitry. However, the 
waveforms encountered in these 
types of circuits usually vary 
between O V and some positive 
or negative value. In other words, 
the waveforms encountered in 
digital circuits are not true AC 
waveforms because they contain 
either positive or negative values 


but not both. 
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Figure 15-19 Comparison of sine wave with nonsinusoidal waveforms. Two cycles 
shown. (a) Sine wave. (b) Sawtooth wave. (c) Symmetrical square wave. (d) Unsymmetrical 


rectangular wave or pulse waveform. 


Volts 


Volts 


Volts 


Volts 


l One cycle l One cycle l 
l T=4pus l T=4pus | 
(d) 


The sawtooth wave in Fig. 15—19b represents a voltage that slowly increases to 
its peak value with a uniform or linear rate of change and then drops sharply to its 
starting value. This waveform is also called a ramp voltage. It is also often referred 
to as a time base because of its constant rate of change. 

Note that one complete cycle includes a slow rise and a fast drop in voltage. In 
this example, the period T for a complete cycle is 4 ws. Therefore, these sawtooth 
cycles are repeated at the frequency of 0.25 MHz. The sawtooth waveform of volt- 
age or current is often used for horizontal deflection of the electron beam in the 
cathode-ray tube (CRT) for oscilloscopes and TV receivers. 

The square wave in Fig. 15—19c represents a switching voltage. First, the 10-V 
peak is instantaneously applied in positive polarity. This voltage remains on for 2 us, 
which is one half-cycle. Then the voltage is instantaneously switched to —10 V for 
another 2 us. The complete cycle then takes 4 ys, and the frequency is 0.25 MHz. 
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Figure 15-20 Fundamental and 
harmonic frequencies for an example of a 
100-Hz square wave. 
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The rectangular waveshape in Fig. 15—19d is similar, but the positive and nega- 
tive half-cycles are not symmetrical either in amplitude or in time. However, the 
frequency is the same 0.25 MHz and the peak-to-peak amplitude is the same 20 V, 
as in all the waveshapes. This waveform shows pulses of voltage or current, repeated 
at a regular rate. 
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Answers at the end of the chapter. 


a. In Fig. 15-19c, for how much time is the waveform at +10 V? 
b. In Fig. 15-19d, what voltage is the positive peak amplitude? 


15-13 Harmonic Frequencies 


Consider a repetitive nonsinusoidal waveform, such as a 100-Hz square wave. Its 
fundamental rate of repetition is 100 Hz. Exact multiples of the fundamental fre- 
quency are called harmonic frequencies. The second harmonic is 200 Hz, the third 
harmonic is 300 Hz, etc. Even multiples are even harmonics, and odd multiples are 
odd harmonics. 

Harmonics are useful in analyzing distorted sine waves or nonsinusoidal wave- 
forms. Such waveforms consist of a pure sine wave at the fundamental frequency 
plus harmonic frequency components. For example, Fig. 15-20 illustrates how a 
square wave corresponds to a fundamental sine wave with odd harmonics. Typical 
audio waveforms include odd and even harmonics. The harmonic components 
make one source of sound different from another with the same fundamental 
frequency. 

A common unit for frequency multiples is the octave, which is a range of 2:1. 
Doubling the frequency range—from 100 to 200 Hz, from 200 to 400 Hz, and from 
400 to 800 Hz, as examples—raises the frequency by one octave. The reason for this 
name is that an octave in music includes eight consecutive tones, for double the 
frequency. One-half the frequency is an octave lower. 

Another unit for representing frequency multiples is the decade. A decade 
corresponds to a 10:1 range in frequencies such as 100 Hz to 1 kHz and 30 kHz to 
300 kHz. 
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Answers at the end of the chapter. 


a. What frequency is the fourth harmonic of 12 MHz? 
b. Give the frequency one octave above 220 Hz. 


15-14 The 60-Hz AC Power Line 


Practically all homes in the United States are supplied alternating voltage between 
115 and 125 V rms at a frequency of 60 Hz. This is a sine-wave voltage produced by 
a rotary generator. The electricity is distributed by high-voltage power lines from a 
generating station and reduced to the lower voltages used in the home. Here the 
incoming voltage is wired to all wall outlets and electrical equipment in parallel. 
The 120-V source of commercial electricity is the 60-Hz power line or the mains, 
indicating that it is the main line for all parallel branches. 


Advantages 


The incoming electric service to residences is normally given as 120 V rms. With 
an rms value of 120 V, the AC power is equivalent to 120-V,,. power in heating 
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Figure 15-21 Three-wire, single-phase 
power lines that can provide either 240 
or 120V. 


120 V 


120 V 


Black 
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effect. If the value were higher, there would be more danger of a fatal electric shock. 
Lower voltages would be less efficient in supplying power. 

Higher voltage can supply electric power with less PR loss, since the same power 
is produced with less Z. Note that the FR power loss increases as the square of the 
current. For applications where large amounts of power are used, such as central 
air-conditioners and clothes dryers, a line voltage of 240 V is often used. 

The advantage of AC over DC power is greater efficiency in distribution from 
the generating station. Alternating voltages can easily be stepped up by a trans- 
former with very little loss, but a transformer cannot operate on direct current 
because it needs the varying magnetic field produced by an AC voltage. 

With a transformer, the alternating voltage at the generating station can be 
stepped up to values as high as 500 kV for high-voltage distribution lines. These 
high-voltage lines supply large amounts of power with much less current and less 
FR loss, compared with a 120-V line. In the home, the lower voltage required is sup- 
plied by a step-down transformer. The step-up and step-down characteristics of a 
transformer refer to the ratio of voltages across the input and output connections. 

The 60-Hz frequency is convenient for commercial AC power. Much lower frequen- 
cies would require much bigger transformers because larger windings would be neces- 
sary. Also, too low a frequency for alternating current in a lamp could cause the light to 
flicker. For the opposite case, too high a frequency results in excessive iron-core heat- 
ing in the transformer because of eddy currents and hysteresis losses. Based on these 
factors, 60 Hz is the frequency of the AC power line in the United States. However, the 
frequency of the AC power mains in England and most European countries is 50 Hz. 


The 60-Hz Frequency Reference 


All power companies in the United States, except those in Texas, are interconnected in 
a grid that maintains the AC power-line frequency between 59.98 and 60.02 Hz. The 
frequency is compared with the time standard provided by the Bureau of Standards 
radio station WWV at Fort Collins, Colorado. As a result, the 60-Hz power-line fre- 
quency is maintained accurately to +0.033%. This accuracy makes the power-line 
voltage a good secondary standard for checking frequencies based on 60 Hz. 


Residential Wiring 


At the electrical service entrance (where power enters a house), most homes have 
the three-wire power lines illustrated in Fig. 15-21. The three wires, including the 
grounded neutral, can be used for either 240 or 120 V single phase. The 240 V at the 
residence is stepped down from the high-voltage distribution lines. 

Note the color coding for the wiring in Fig. 15-21. The grounded neutral is 
white. Each high side can use any color except white or green, but usually black* or 
red is used. White is reserved for the neutral wire, and green or bare wire is reserved 
for grounding. 

From either the red or black high side to the neutral, 120 V is available for sepa- 
rate branch circuits to the lights and outlets. Across the red and black wires, 240 V 
is available for high-power appliances. This three-wire service with a grounded 
neutral is called the Edison system. 

The electrical service is commonly rated for 100 A. At 240 V, then, the power 
available is 100 x 240 = 24,000 W, or 24 kW. 

The main wires to the service entrance are generally No. 2 gage or larger such as 
1, 0, or 00. (Sizes 6 and heavier are always stranded wire.) The 120-V branch cir- 
cuits, usually rated at 15 A or 20 A, use No. 12 or 14 gage wire. Each branch has its 
own fuse or circuit breaker. A main switch is usually included to cut off all power 
from the service entrance. 


* Note that in electronic equipment, black is the color-coded wiring used for chassis-ground returns. However, in 
electric power work, black wire is used for high-side connections. 
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GOOD TO KNOW 


In residential house wiring, the 
bare or green ground wire and 
white neutral wire are grounded 
at the same point in the main 
entrance panel. Under normal 
circumstances, however, the 
current in the neutral wire is the 
same as the current in the black 


or red hot wire whereas the 


current in the ground wire is zero. 


The neutral wire is grounded at the service entrance to a water pipe or a metal rod 
driven into the earth, which is ground. All 120-V branches must have one side con- 
nected to the grounded neutral. White wire is used for these connections. In addition, 
all metal boxes for outlets, switches, and lights must have a continuous ground to each 
other and to the neutral. The wire cable usually has a bare wire for grounding boxes. 

Cables commonly used are armored sheath with the trade name BX and 
nonmetallic flexible cable with the trade name Romex. Each has two or more wires 
for the neutral, high-side connections, and grounding. Both cables contain an extra 
bare wire for grounding. Rules and regulations for residential wiring are governed 
by local electrical codes. These are usually based on the National Electrical Code 
(NEC) published by the National Fire Protection Association. 


Grounding 


In AC power distribution systems, grounding is the practice of connecting one side 
of the power line to earth or ground. The purpose is safety in two ways. First is 
protection against dangerous electric shock. Also, the power distribution lines are 
protected against excessively high voltage, particularly from lightning. If the system 
is struck by lightning, excessive current in the grounding system will energize a 
cutout device to deenergize the lines. 

The grounding in the power distribution system means that it is especially impor- 
tant to have grounding for the electric wiring at the residence. For instance, suppose 
that an electric appliance such as a clothes dryer does not have its metal case 
grounded. An accidental short circuit in the equipment can connect the metal frame 
to the “hot” side of the AC power line. Then the frame has voltage with respect to 
earth ground. If somebody touches the frame and has a return to ground, the result 
is a dangerous electric shock. With the case grounded, however, the accidental short 
circuit blows the fuse or circuit breaker to cut off the power. 

In normal operation, the electric circuits function the same way with or without 
the ground, but grounding is an important safety precaution. Figure 15-22 shows 
two types of plug connectors for the AC power line that help provide protection 
because they are polarized with respect to the ground connections. Although an AC 
voltage does not have any fixed polarity, the plugs ensure grounding of the chassis 
or frame of the equipment connected to the power line. In Fig. 15—22a, the plug has 
two blades for the 120-V line, but the wider blade will fit only the side of the outlet 
that is connected to the neutral wire. This wiring is standard practice. For the 


Figure 15-22 Plug connectors polarized for ground connection to an AC power line. (a) Wider blade connects to neutral. (b) Rounded 


pin connects to ground. 
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three-prong plug in Fig. 15—22b, the rounded pin is for a separate grounding wire, 
usually color-coded green. 

It may be of interest to note that with high-fidelity audio equipment, the lack of 
proper grounding can cause a hum heard in the sound. The hum is usually not a 
safety problem, but it still is undesirable. 


E 75-14 Self-Review 

Answers at the end of the chapter. 

a. The 120 V of the AC power line is a peak-to-peak value. (True/False) 

b. The frequency of the AC power-line voltage is 60 Hz + 0.033%. 
(True/False) 

c. In Fig. 15-21, the voltage between the black and white wires is 120 V. 
(True/False) 

d. The color code for grounding wires is green. (True/False) 


15-15 Motors and Generators 


A generator converts mechanical energy into electric energy; a motor does the 
opposite, converting electricity into rotary motion. The main parts in the assembly 
of motors and generators are essentially the same (Fig. 15-23). 


Armature 


In a generator, the armature connects to the external circuit to provide the generator 
output voltage. In a motor, it connects to the electrical source that drives the motor. 
The armature is often constructed in the form of a drum, using many conductor 
loops for increased output. In Fig. 15—23, the rotating armature is the rotor part of 
the assembly. 


Field Winding 


This electromagnet provides the flux cut by the rotor. In a motor, current for the field 
is produced by the same source that supplies the armature. In a generator, the field 


Figure 15-23 Main parts of a DC motor. 
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current may be obtained from a separate exciter source, or from its own armature 
output. Residual magnetism in the iron yoke of the field allows this self-excited 
generator to start. 

The field coil may be connected in series with the armature, in parallel, or in a 
series-parallel compound winding. When the field winding is stationary, it is the 
stator part of the assembly. 


Slip Rings 


In an AC machine, two or more slip rings or collector rings connect the rotating 
loop to the stationary wire leads for the external circuit. 


Brushes 


These graphite connectors are spring-mounted to brush against the spinning rings 
on the rotor. The stationary external leads are connected to the brushes for connec- 
tion to the rotating loop. Constant rubbing slowly wears down the brushes, and they 
must be replaced after they are worn. 


Commutator 


A DC machine has a commutator ring instead of slip rings. As shown in Fig. 15-23, 
the commutator ring has segments, one pair for each loop in the armature. Each of 
the commutator segments is insulated from the others by mica. 

The commutator converts the AC machine to DC operation. In a generator, the 
commutator segments reverse the loop connections to the brushes every half-cycle 
to maintain a constant polarity of output voltage. For a DC motor, the commutator 
segments allow the DC source to produce torque in one direction. 

Brushes are necessary with a commutator ring. The two stationary brushes con- 
tact opposite segments on the rotating commutator. Graphite brushes are used for 
very low resistance. 


Alternating Current Induction Motor 


This type, for alternating current only, does not have any brushes. The stator is con- 
nected directly to the AC source. Then alternating current in the stator winding 
induces current in the rotor without any physical connection between them. The 
magnetic field of the current induced in the rotor reacts with the stator field to pro- 
duce rotation. Alternating current induction motors are economical and rugged 
without any troublesome brush arcing. 

With a single-phase source, however, a starting torque must be provided for an 
AC induction motor. One method uses a starting capacitor in series with a separate 
starting coil. The capacitor supplies an out-of-phase current just for starting and 
then is switched out. Another method of starting uses shaded poles. A solid copper 
ring on the main field pole makes the magnetic field unsymmetrical to allow 
starting. 

The rotor of an AC induction motor may be wire-wound or the squirrel-cage 
type. This rotor is constructed with a frame of metal bars. 


Universal Motor 


This type operates on either alternating or direct current because the field and 
armature are in series. Its construction is like that of a DC motor with the 
rotating armature connected to a commutator and brushes. The universal 
motor is commonly used for small machines such as portable drills and food 
mixers. 
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GOOD TO KNOW 


Electrical utility companies 
generate and transmit their 
electrical power using the three- 
phase AC system rather than the 
single-phase AC system. The 
reason for this is that, by adding 
a third current-carrying 
conductor, the system's power 
handling capability is increased 
by approximately 58% over that 


of a single-phase system. 
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Alternators 


Alternating current generators are alternators. For large power requirements, the 
alternator usually has a rotating field, and the armature is the stator. 
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Answers at the end of the chapter. 


a. In Fig. 15-23, the commutator segments are on the armature. 
(True/False) 

b. Motor brushes are made of graphite because of its very low 
resistance. (True/False) 

c. A starting capacitor is used with DC motors that have small brushes. 
(True/False) 


15-16 Three—Phase AC Power 


In an alternator with three generator windings equally spaced around the circle, the 
windings produce output voltages 120° out of phase with each other. The three- 
phase output is illustrated by the sine-wave voltages in Fig. 15—24a and the corre- 
sponding phasors in Fig. 15—24b. The advantage of three-phase AC voltage is more 
efficient distribution of power. Also, AC induction motors are self-starting with 
three-phase alternating current. Finally, the AC ripple is easier to filter in the recti- 
fied output of a DC power supply. 

In Fig. 15—25a, the three windings are in the form of a Y, also called wye or star 
connections. All three coils are joined at one end, and the opposite ends are for the 
output terminals A, B, and C. Note that any pair of terminals is across two coils in 
series. Each coil has 120 V. The voltage output across any two output terminals is 
120 x 1.73 = 208 V, because of the 120° phase angle. 

In Fig. 15—25b, the three windings are connected in the form of a delta (A). Any 
pair of terminals is across one generator winding. The output then is 120 V. How- 
ever, the other coils are in a parallel branch. Therefore, the current capacity of the 
line is increased by the factor 1.73. 


Figure 15-24 = Three-phase alternating voltage or current with 120° between each phase. 
(a) Sine waves. (b) Phasor diagram. 


Phase 3 


Phase 2. Phase 1 Phase 3 


(b) 


Figure 15-25 Types of connections for three-phase power. (a) Wye or Y. (b) Delta or A. 


G È 

A A 

B B 
(a) (b) 
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Figure 15-26 Y connections to a four-wire line with neutral. 


B 
208 V 
A 208 V 
three-phase 
208 V 
C J 
Neutral 
120 V 120 V 120 V 
phase 2 phase 1 phase 3 


In Fig. 15-26, the center point of the Y is used for a fourth line, as the neutral 
wire in the three-phase power distribution system. This way, power is available at 
either 208 V three phase or 120 V single phase. Note that the three-phase voltage is 
208 V, not the 240 V in the Edison single-phase system. From terminals A, B, or C 
to the neutral line in Fig. 15-26, the output is 120 V across one coil. This 120-V 
single-phase power is used in conventional lighting circuits. However, across termi- 
nals AB, BC, or CA, without the neutral, the output is 208 V for three-phase induc- 
tion motors or other circuits that need three-phase power. Although illustrated here 
for the 120-V, 60-Hz power line, note that three-phase connections are commonly 
used for higher voltages. 

More details of three-phase AC circuits are covered in Chapter 27, “Three-Phase 
AC Power Systems.” 


E 75-16 Self-Review 


Answers at the end of the chapter. 


a. What is the angle between three-phase voltages? 
b. For the Y in Fig. 15-25a, how much is V,c or V,;,? 
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Application in Understanding the 120-V Duplex Receptacle 


In our homes, schools, businesses, and industries, most 
appliances and electrical devices are plugged into an electrical 
outlet that is hard-wired to the 120 V/60 Hz AC power line. By 
strict definition, the electrical outlet is called a duplex receptacle 
because there are two female receptacles in one enclosure. The 
duplex receptacle is wired directly to the 120-V,. power line 
using the NM-B cable described in Chapter 11, Conductors and 
Insulators. A standard 15-A duplex receptacle is shown in 
Fig. 15-27. The wide slot on the left-hand side is the neutral 
terminal, and the narrow slot on the right-hand side is the hot 
directly below the wide and 


terminal. The U-shaped termina 
narrow slots is ground. On a 120-V duplex receptacle, the black 
hot wires are connected to the brass-colored screws on the 
same side of the receptacle as the narrow slots. The white 
neutral wires are connected to the silver-colored screws next to 


the wide slots. The bare copper ground wire (or green wire) is 
connected to the green hexagon screw at the bottom of the 
receptacle. It is important to note that the green hexagon screw 
is connected to all non-current-carrying metal parts on the 
receptacle. This is important because the National Electrical Code 


(NEC) specifies that all non-current-carrying metal parts on a 
120-V duplex receptacle must be grounded. 


VOLTAGE MEASUREMENTS 


If the receptacle in Fig. 15-27 is wired correctly, a DMM should 
measure the following voltages: 


Hot to Neutral—1 20 V,,. 


Hot to Ground—1 20 Vac 
Neutral to Ground—O Vc 


When measuring the voltages in a duplex receptacle, it is 
important to remember that the bare or green ground wire and 
the white neutral wire are both grounded to the same point in 
the service-entrance panel. 


Figure 15-27 Standard 15A duplex receptacle. 


Sarah Schultz Photography 
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RECEPTACLE TYPES 


The 15-A duplex receptacle in Fig. 15-27 is usually wired with 
No. 14 gauge copper wire, and all circuits and wiring connected 
to this branch are protected by a 15-A circuit breaker or fuse. 
A 20-A duplex receptacle is shown in Fig. 15-28. Notice the 
horizontal slot branching off of 
Appliances, such as microwaves, often have a special 20-A plug 
that can only be plugged into a 20-A receptacle. All 20-A 
receptacles are wired with either No. 12 or No. 
wire and are protected by a 20-A circuit breaker or fuse. The 
larger diameter wire ensures that the wires will not overheat if a 
20-A load is plugged into the receptacle. It is important to note 
that a standard 15-A plug will fit properly into a 20-A duplex 


the vertical neutral slot. 


O gauge copper 


receptacle but a 20-A plug will not fit into a standard 15-A 
receptacle. 
Another type of receptacle specifically designed to help 


protect children from an electrical shock hazard is the tamper- 
resistant (TR) receptacle. These receptacles have spring-loaded 
shutters that close off the contact openings of the wide and 
narrow slots. When a proper plug is inserted into the receptacle, 
both springs are compressed and the shutters open, allowing 
the metal prongs of the plug to make contact with the hot, 
neutral, and ground terminals. Both springs must be compressed 
at the same time, otherwise the shutters do not open. 
Therefore, a child cannot insert an object into just one slot of 
the receptacle. A 15-A tamper-resistant receptacle looks 
identical to the one shown in Fig. 15-27. You have to look 
closely into the slots to see the shutters that block contact to 
the receptacle’s metal terminals. Tamper-resistant receptacles 
are now required in all new and renovated dwellings and are 
making homes a safer place for children. It is important to note 
that the letters (TR) will always be stamped on a tamper- 


resistant receptacle. 


Figure 15-28 20 A duplex receptacle. 


Sarah Schultz Photography 
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GROUND-FAULT CIRCUIT INTERRUPTER (GFCI) 


Another type of receptacle, shown in Fig. 15-29, is the ground- 
fault circuit interrupter (GFCI). According to the NEC, a “ground 
fault” is a conducting path, usually unintentional or accidental, 
between a hot or live electrical conductor and ground. If the 
conducting path is through a person’s body, there is the potential 
for a severe electrical shock, which could result in death by 
electrocution. A current of 5 mA is considered the maximum 
current a person can be exposed to for a short period of time 
without risking serious injury. In general, however, a current of 5 
mA, or more, through a person’s body is considered dangerous. 
A current as low as 10 mA can cause involuntary muscle 
contractions that could prevent a person from letting go of alive 
conductor. GFCls are specifically designed to prevent 
electrocution in the event that a person is the conducting path 
between a live conductor and ground. A GFCI is designed to trip 
or open if there is a current imbalance of 5 mA, or more, between 


Figure 15-29 Ground-Fault Circuit Interrupter (GFCI). 


Sarah Schultz Photography 
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the hot and neutral conductors. An imbalance in current 
between the hot and neutral conductors is most likely the result 
of a ground fault. When a GFCI trips, power is removed from 
each of its two receptacles. The response time of a GFCI, which 
is the length of time it takes to trip or open, is about 25 ms which 
is 1/40" of a second. 

The NEC requires the use of GFCls in or around places such 
as bathrooms, unfinished basements, exterior outlets, spas, 
hot tubs, and swimming pools, to name a few of the most 
common locations. In general, GFCls are used whenever an 
outlet is placed in or near an area where there is exposure to 
water or moisture. For additional safety, tamper resistant 
GFCls are also available. 


TEST AND RESET BUTTONS 


Every GFCI has a TEST button and a RESET button. See Fig. 15- 
29. To make sure the GFCI is working properly, press the TEST 
button. If it is, the RESET button will pop out and power will be 
removed from the outlet. Push the RESET button back in to 
reset the GFCI. GFCls should be tested at least once a month to 
make sure they are in proper working order. 

It is important to note that pressing the TEST button 
simulates a ground fault. In fact, pressing the TEST button 
produces a leakage current of 5 mA between the hot conductor 
and ground. This simulates the current through a person’s 
body should they be the reason for the ground fault. 

Many of the newer GFCls now include an LED, which 
provides a visual indication of its status. If the LED is green, 
the GFCI is in proper working order and you're good to go. If 
the RESET button is popped out and the LED is red (solid or 
blinking), the GFCI needs attention. It may only need to be 
reset. However, if the GFCI cannot be reset or if the LED 
remains red after it has been reset, the GFCI has failed and 
must be replaced. If the LED is not illuminated at all, the GFCI 
has either been tripped due to a ground fault or there is no 
power to the outlet. Try resetting the GFCI. If the GFCI resets 
and the LED is green, you’re good to go. If the GFCI does not 
reset, the main circuit breaker may have tripped or the GFCI is 
faulty and needs to be replaced. 


483 


Summary 


Alternating voltage varies 
continuously in magnitude and 
periodically reverses in polarity. 
When alternating voltage is applied 
across a load resistance, the result 
is alternating current in the circuit. 


A complete set of values repeated 
periodically is one cycle of the AC 
waveform. The cycle can be 
measured from any one point on the 
wave to the next successive point 
having the same value and varying in 
the same direction. One cycle 
includes 360° in angular measure, 
or 2a rad. 


The rms value of a sine wave is 
./07 X peak value. 


(=) 


The peak amplitude, at 90° and 
70° in the cycle, is 1.414 X rms 
value. 


N 


The peak-to-peak value is double the 
peak amplitude, or 2.828 X rms for 
symmetrical AC waveform. 


wo 


he average value is 0.637 x peak 
value. 


The frequency equals the number of 
cycles per second. One cps is 1 Hz. 
The audio-frequency (af) range is 

6 to 16,000 Hz. Higher frequencies 
up to 300,000 MHz are radio 
frequencies. 


The amount of time for one cycle is 
the period T. The period and fre- 
quency are reciprocals: T = 1/f, or 


Important Terms 


Alternation — one-half cycle of 
revolution of a conductor loop 
rotating through a magnetic field. 
This corresponds to one-half cycle 
of alternating voltage or current. 


Average value — the arithmetic average 
of all values in a sine wave for one 
alternation. Average value 
= 0.637 x peak value. 


Cycle — one complete revolution of a 
conductor loop rotating through a 
magnetic field. For any AC waveform, 
a cycle can be defined to include the 
variations between two successive 
points having the same value and 
varying in the same direction. 


Decade — a unit for representing a 10:1 
range in frequencies. 
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f=1/T.The higher the frequency, 
the shorter the period. 


Wavelength 4 is the distance a wave 
travels in one cycle. The higher the 
frequency, the shorter the 
wavelength. The wavelength also 
depends on the velocity at which the 
wave travels: A = v/f, where vis 
velocity of the wave and fis the 
frequency. 


Phase angle is the angular difference 
in time between corresponding 
values in the cycles for two 
waveforms of the same frequency. 


When one sine wave has its 
maximum value while the other is at 
zero, the two waves are 90° out of 
phase. Two waveforms with a zero 
phase angle between them are in 
phase; a 180° phase angle means 
opposite phase. 


The length of a phasor arrow 
indicates amplitude, and the angle 
corresponds to the phase. A leading 
hase is shown by counterclockwise 
ngles. 


P 

a 

Sine-wave alternating voltage V 
applied across a load resistance R 
produces alternating current / in the 
circuit. The current has the same 


waveform, frequency, and phase as 
the applied voltage because of the 
resistive load. The amount of / = V/R. 


The sawtooth wave and square wave 
are two common examples of 


Effective value — another name for an 
rms value. 


Form factor — the ratio of the rms to 
average values. For a sine wave, 


rms 
Seg =i: 


Frequency — the number of cycles a 
waveform completes each second. 


Generator — a machine or device that 
converts mechanical energy into 
electrical energy. 


armonic frequency — a frequency that 
is an exact multiple of the 
fundamental frequency. 


ertz (Hz) — the basic unit of 
frequency. 1 Hz = 1 cycle per second. 


Motor — a machine or device that converts 
electrical energy into mechanical energy. 


nonsinusoidal waveforms. The 
amplitudes of these waves are 
usually measured in peak-to-peak 
value. 


Harmonic frequencies are exact 
multiples of the fundamental 
frequency. 

The AC voltage used in residences 
range from 115 to 125 V rms with a 
frequency of 60 Hz. The nominal 
voltage is usually given as 120 V. 


For residential wiring, the three- 
wire, single-phase Edison system 
shown in Fig. 15—21 is used to 
provide either 120 or 240 V. 


n a motor, the rotating armature 
connects to the power line. The 
stator field coils provide the 
magnetic flux cut by the armature 
as it is forced to rotate. A generator 
has the opposite effect: it converts 
mechanical energy into electrical 
output. 


A DC motor has commutator 
segments contacted by graphite 
brushes for the external 
connections to the power source. 
An AC induction motor does not 
have brushes. 


n three-phase power, each phase 
angle is 120°. For the Y connections 
in Fig. 15—25a, each pair of output 
terminals has an output of 120 x 
1.73 = 208 V. This voltage is known 
as the line-to-line voltage. 


Nonsinusoidal waveform — any waveform 
that is not a sine wave or a cosine wave. 


Octave — a unit for representing a 2:1 
range in frequencies. 


Peak value — the maximum amplitude of 
a sine wave. 


Period — the amount of time it takes to 
complete one cycle of alternating 
voltage or current. The symbol for the 
period is T for time. The unit for T is 
the second (s). 


Phase angle — the angular difference 
between two sinusoidal waveforms or 
phasors. 


Phasor — a line representing the 
magnitude and direction of a 
quantity, such as voltage or current, 
with respect to time. 
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Quadrature phase — a phase angle of 90°. 


Radian — an angle equal to 
approximately 57.3°. 


Root-mean-square (rms) value — the 
value of a sine wave that corresponds 
to the same amount of direct current 


Related Formulas 


v=V,,sin@ 
Average value = 0.637 X peak value 


rms value = 0.707 x peak value 


Peak = 5757 X rms = 1.414 X rms 


Peak-to-peak value = 2.828 X rms value 


re} or f=t 


Self-Test 


Answers at the back of the book. 


1. An alternating voltage is one that 
a. varies continuously in magnitude. 
b. reverses periodically in polarity. 
c. never varies in amplitude. 


d. both a and b. 


2. One complete revolution of a 
conductor loop through a magnetic 
field is called a(n) 


a. octave. 
b. decade. 
c. cycle. 


d. alternation. 


3. For a sine wave, one-half cycle is 
often called a(n) 


a. alternation. 
b. harmonic. 
c. octave. 


d. period. 


4. One cycle includes 
a. 180°. 
b. 360°. 
c. 2a rad. 
d. both b and c. 


5. In the United States, the frequency of 
the AC power-line voltage is 


a. 120 Hz. 
b. 60 Hz. 
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or voltage in heating power. Unless 
indicated otherwise, all sine-wave AC 
measurements are in rms values. rms 
value = 0.707 X peak value. 


Sine wave — a waveform whose value is 
proportional to the sine of the angle 


of rotation in the circular motion 
producing the induced voltage or 
current. 


Wavelength — the distance a waveform 
travels through space to complete 
one cycle. 


velocity 
À Sone 

requency 

10 
A (cm) = ax S (radio wave) 
A= Tae (sound wave) 
—~ 9 v1 

'= 360 * F 


c. 50 Hz. 
d. 100 Hz. 


6. For a sine wave, the number of 
complete cycles per second is called 
the 


a. period. 
b. wavelength. 
c. frequency. 


d. phase angle. 


7. Asine wave of alternating voltage 
has its maximum values at 


a. 90° and 270°. 
b. O° and 180°. 
c. 180° and 360°. 
d. 30° and 150°. 


8. To compare the phase angle between 
two waveforms, both must have 


a. the same amplitude. 
b. the same frequency. 
c. different frequencies. 


d. both a and b. 


9. A 2-kHz sine wave has a period, T, of 
a. 0.5 ps. 
b. 50 us. 
c. 500 ps. 
d.2ms. 


10. Ifa sine wave has a period, T, 
of 40 us, its frequency, f, 
equals 


a. 25 kHz. 
b. 250 Hz. 
c. 40 kHz. 
d. 2.5 kHz. 


11.What is the wavelength of a 
radio wave whose frequency is 
15 MHz? 


a. 20m. 
b.15m. 
0.753 tk: 
d. 2000 m. 


12. The value of alternating current or 
voltage that has the same heating 
effect as a corresponding DC value is 
known as the 


a. peak value. 
b. average value. 
c. rms value. 


d. peak-to-peak value. 


13. The wavelength of a 500-Hz sound 


wave is 

a. 60 km. 
b. 2.26 ft. 
c. 4.52 ft. 
d. 0.226 ft. 
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14. In residential house wiring, 
the hot wire is usually color- 


coded 

a. white. 

b. green. 

c. black or red. 


d. as a bare copper wire. 


15.A sine wave with a peak 
value of 20 V has an rms 


18. 


For an AC waveform, the period, T, 
refers to 


a. the number of complete cycles per 
second. 


b. the length of time required to 
complete one cycle. 


c. the time it takes for the waveform 
to reach its peak value. 


d. none of the above. 


The wavelength of a radio wave is 


a. inversely proportional to its 


b. directly proportional to its 


value of 19. 

a. 28.28 V. 

b.14.14V. frequency. 
c. 12.74 V. z 
d.56.6V. requency. 


16. A sine wave whose rms voltage is 
25.2 V has a peak value of 
approximately 


c. inversely proportional to its 
amplitude. 


d. unrelated to its frequency. 


Exact multiples of the fundamental 


a. 17.8V. 20. 
b.16V frequency are called 
EO a a. ultrasonic frequencies. 
c. 50.4 V. 
d.356V b. harmonic frequencies. 


17. The unit of frequency is the 


c. treble frequencies. 


d. resonant frequencies. 


c. 4 kHz. 
d. 250 Hz. 


22. In residential house wiring, the 
neutral wire is always color-coded 


a. black. 
b. bare copper. 
c. green. 
d. white. 


23. The second harmonic of 7 MHz is 
a. 3.5 MHz. 
b. 28 MHz. 
c. 14 MHz. 
d. 7 MHz. 


24. A sine wave has a peak voltage of 
170 V. What is the instantaneous 
voltage at an angle of 45°? 


a. 240 V. 
b. 85 V. 
c. OV. 

d. 120V. 


25. Unless indicated otherwise, all sine- 
wave AC measurements are in 


a. peak-to-peak values. 
b. peak values. 
c. rms values. 


d. average values. 


a. hertz. 
21. Raising the frequency of 500 Hz by 
b. maxwell. t 
wo octaves corresponds to a 
c. radian. frequency of 
d. second. a. 2 kHz. 
b. 1 kHz. 
Essay Questions 
1. (a) Define alternating voltage. (b) Define alternating current. 8. 
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(c) Why does AC voltage applied across a load 
resistance produce alternating current in the circuit? 


(a) State two characteristics of a sine wave of voltage. 
(b) Why does the rms value of 0.707 x peak value apply 
just to sine waves? 


Draw two cycles of an AC sawtooth voltage waveform 
with a peak-to-peak amplitude of 40 V. Do the same for a 
square wave. 


Give the angle in degrees and radians for each of the 
following: one cycle, one half-cycle, one quarter-cycle, 
three quarter-cycles. 


The peak value of a sine wave is 1 V. How much is its 
average value? rms value? Effective value? Peak-to-peak 
value? 


State the following ranges in hertz: (a) audio 
frequencies; (b) radio frequencies; (c) standard AM 
radio broadcast band; (d) FM broadcast band; (e) VHF 


band; (f) microwave band. 


Make a graph with two waves, one with a frequency of 
500 kHz and the other with 1000 kHz. Mark the 
horizontal axis in time, and label each wave. 


10. 


11. 


12. 


13. 


14. 


15. 


Draw the sine waves and phasor diagrams to show (a) two 
waves 180° out of phase; (b) two waves 90° out of phase. 


Give the voltage value for the 60-Hz AC line voltage with 
an rms value of 120 V at each of the following times in a 
cycle: 0°, 30°, 45°, 90°, 180°, 270°, and 360°. 


(a) The phase angle of 90° equals how many radians? 
(b) For two sine waves 90° out of phase with each other, 
compare their amplitudes at 0°, 90°, 180°, 270°, and 
360°. 


Tabulate the sine and cosine values every 30° from O to 
360° and draw the corresponding sine wave and cosine 
wave. 


Draw a graph of the values for (sin @)? plotted against 0 
for every 30° from O to 360°. 


Why is the wavelength of an ultrasonic wave at 
34.44 kHz the same 1 cm as for the much higher 
frequency radio wave at 30 GHz? 


Draw the sine waves and phasors to show wave V, 
eading wave V, by 45°. 


Why are amplitudes for nonsinusoidal waveforms 
generally measured in peak-to-peak values, rather than 
rms or average value? 
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16. Define harmonic frequencies, giving numerical values. 


17. Define one octave, with an example of numerical values. 


18. Which do you consider more important for applications of 
alternating current—polarity reversals or variations in 
value? 


Problems 


SECTION 15-2 ALTERNATING-VOLTAGE 
GENERATOR 


15-1 For a sine wave of alternating voltage, how many 


degrees are included in 
a. '/4 cycle? 
b. '/2 cycle? 
c. 7/4 cycle? 


d. 1 complete cycle? 


15-2_ For a sine wave of alternating voltage, how many 


radians are included in 
a. '/4 cycle? 
b. 1/2 cycle? 
c. 3/4 cycle? 


d. 1 complete cycle? 


15-3 At what angle does a sine wave of alternating voltage 
a. reach its maximum positive value? 
b. reach its maximum negative value? 


c. cross the zero axis? 


15-4 One radian corresponds to how many degrees? 


SECTION 15-3 THE SINE WAVE 


15-5 The peak value of a sine wave equals 20 V. Calculate 
the instantaneous voltage of the sine wave for the 
phase angles listed. 


a. 30°. 
. 45°. 
c. 60°. 
de 5°: 
e. 120°. 
f 
g 


o 


210°. 
. 300°. 
15-6 The peak value of a sine wave equals 100 mV. Calculate 


the instantaneous voltage of the sine wave for the 
phase angles listed. 


a. 15°. 
b. 50°. 
c. 90°. 
d. 150°. 
e. 180°. 
f. 240°. 
g. 330°. 
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19. Define the following parts in the assembly of motors: 
(a) armature rotor; (b) field stator; (c) collector rings; 
(d) commutator segments. 


20. Show diagrams of Y and A connections for three-phase 
AC power. 


15-7 A sine wave of alternating voltage has an 
instantaneous value of 45 V at an angle of 60°. 
Determine the peak value of the sine wave. 


SECTION 15-4 ALTERNATING CURRENT 
15-8 In Fig. 15—30, the sine wave of applied voltage has a 
peak or maximum value of 10 V, as shown. Calculate 
the instantaneous value of current for the phase 


angles listed. 


a. 30°. 
b. 60° 
c. 90° 
d. 120°. 
e. 150°. 
180°. 
g. 210°, 
h. 240°. 
i 270°. 
300°. 
. 330°. 


15-9 


n Fig. 15-30, do electrons flow clockwise or 
counterclockwise in the circuit during 


a. the positive alternation? 
b. the negative alternation? 


Note: During the positive alternation, terminal 1 is positive 
with respect to terminal 2. 


Figure 15-30 


Sine wave 


V= 10V R, =2KQ 


2 


SECTION 15-5 VOLTAGE AND CURRENT VALUES 
FOR A SINE WAVE 
15-10 


If the sine wave in Fig. 15-31 has a peak value of 
15 V, then calculate 


a. the peak-to-peak value. 
b. the rms value. 


c. the average value. 
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Figure 15-31 


15-11 


15-12 


15-13 


15-14 


f the sine wave in Fig. 15-31 has a peak value of 
50 V, then calculate 


a. the peak-to-peak value. 
b. the rms value. 


c. the average value. 


f the sine wave in Fig. 15-31 has an rms value of 


60 V, then calculate 
a. the peak value. 
b. the peak-to-peak value. 


c. the average value. 


f the sine wave in Fig. 15-31 has an rms value of 


40 V, then calculate 


a. the peak value. 


b. the peak-to-peak value. 


c. the average value. 


f the sine wave of alternating voltage in Fig. 15-32 
has a peak value of 25 V, then calculate 


a. the peak current value. 


b. the peak-to-peak current value. 
c. the rms current value. 


d. the average current value. 


Figure 15-32 


15-15 


15-16 


R=150Q 


If the sine wave of alternating voltage in Fig. 15-32 
has an rms value of 7.07 V, then calculate 


the rms current value. 


a. 
b. the peak current value. 


Gi 


the peak-to-peak current value. 


d. the average current value. 


Convert the following values into rms values: 
a. 32V peak. 

b. 18V peak-to-peak. 

c. 90.09 V average. 

d. 120 mA peak-to-peak. 


15-17 Convert the following values into peak values: 


a. 12V rms. 

b. 72V average. 

c. 50 V peak-to-peak. 
d. 750 mV rms. 


SECTION 15-6 FREQUENCY 
15-18 What is the frequency, f, of a sine wave that 


C 


a 
b 


a 


d 


15-19 


ompletes 

. 10 cycles per second? 

. 500 cycles per second? 
50,000 cycles per second? 

. 2,000,000 cycles per second? 


How many cycles per second (cps) do the following 


frequencies correspond to? 


a 
b. 
Ge 


d. 


. 2kHz. 
15 MHz. 
10 kHz. 
5 GHz. 


SECTION 15-7 PERIOD 


15-20 Calculate the period, T, for the following sine wave 
frequencies: 


15-21 


a 
b. 
Cc. 


d. 


2 S0HZ: 
00 Hz. 
500 Hz. 
kHz. 


Calculate the period, T, for the following sine wave 


frequencies: 


a 
b 


a 


CL 


15-22 
P 
a 


b 


Ee 


d. 


15-23 
P 
a 


b 


Ce 


d 


. 2kHz. 

. 4kHz. 
200 kHz. 
. 2 MHz. 


Calculate the frequency, f, of a sine wave whose 


eriod, T, is 

. 40 ps. 

. 50 ps. 
2.5 ms. 
16.67 ms. 


Calculate the frequency, f, of a sine wave whose 


eriod, T, is 
. Sms. 

. 10 us. 
500 ns. 

. 33.33 us. 


15-24 For a5-kHz sine wave, how long does it take for 


a 
b 


a) 


jae 


. Za cycle? 
. '/2 cycle? 
. 3/4 cycle? 
. 1 full cycle? 
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SECTION 15-8 WAVELENGTH 

15-25 What is the velocity of an electromagnetic radio wave in 
a. miles per second (mi/s)? 
b. centimeters per sec (cm/s)? 


c. meters per sec (m/s)? 


15-26 What is the velocity in ft/s of a sound wave produced 


by mechanical vibrations? 


15-27 What is the wavelength in cm of an electromagnetic 


radio wave whose frequency is 
a. 3.75 MHze 

b. 7.5 MHz? 

es 15 z? 

d. 20 z? 


15-28 Convert the wavelengths in Prob. 15-27 into meters (m). 


15-29 


What is the wavelength in meters of an electromag- 
netic radio wave whose frequency is 150 MHz? 


15-30 


What is the wavelength in ft of a sound wave whose 
frequency is 


a. 50 Hz? 
b. 200 Hz? 
750 Hz? 
2 kHz? 
e. 4 kHz? 
f. 10 kHz? 


ap 


15-31 


What is the frequency of an electromagnetic radio 
wave whose wavelength is 


a. 160 m? 
b. 10 m? 
17 m? 
d. 11 m? 


o 


15-32 


What is the frequency of a sound wave whose 
wavelength is 


a. 4.52 ft? 
b. 1.13 ft? 
3.39 ft? 
. 0.226 ft? 


9 


Qa 


SECTION 15-9 PHASE ANGLE 


15-33 Describe the difference between a sine wave and a 
cosine wave. 


15-34 Two voltage waveforms of the same amplitude, Wg 
and V, are 45° out of phase with each other, with V, 
lagging Vg. Draw the phasors representing these 
voltage waveforms if 


a. Vis used as the reference phasor. 


b. Wis used as the reference phasor. 


SECTION 15-10 THE TIME FACTOR IN FREQUENCY 
AND PHASE 


15-35 For two waveforms with a frequency of 1 kHz, how 
much time corresponds to a phase angle difference of 


Alternating Voltage and Current 


a. 30°? 
45°? 
60°? 
. BOP? 


oe 


an 


15-36 


For two waveforms with a frequency of 50 kHz, how 
much time corresponds to a phase angle difference of 


a. 15°? 
b: 36°? 
cs 60°? 
d. 150°? 


SECTION 15-11 ALTERNATING CURRENT CIRCUITS 
WITH RESISTANCE 


15-37 In Fig. 15-33, solve for the following values: R, /, V, 
WPi Por and Pi 
Figure 15-33 


R,=100Q 


Vp =10 Vac A) 


R,=150Q 


15-38 In Fig. 15-34, solve for the following values: /,, h, h 


Req, P;, Pa, and Pr. 


Figure 15-34 


Va = 24 Vac R,=150Q 


15-39 In Fig. 15-35, solve for the following values: R, h, V,, 
V5, V3, 15, 15, Pis Po, Pasand Py. 
Figure 15-35 


R,=180Q 


R,=18 KQ 
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Figure 15-36 


+50 V 
2 2 
s °y $ 
-50 V 
|—— 50 us —] 
T 
(a) 
+100 V 
2 
S ov 


15-40 In Fig. 15-35, find the following values: 


. the peak-to-peak current through R,. 


a 
b. the average voltage across R}. 


c. the peak voltage across R3. 


d. the average current through R3. 


SECTION 15-1 
15-41 Determi 


2 NONSINUSOIDAL AC WAVEFORMS 
ne the peak-to-peak voltage and frequency 


for the waveform in 


a. Fig. 
b. Fig. 
c. Fig. 


SECTION 15-1 


5-36a. 
5-36b. 
5-36c. 


3 HARMONIC FREQUENCIES 


15-42 List the first four harmonics of a 3.8-MHz radio signal. 


15-43 List the 
Label ea 


harmoni 


first seven harmonics of a 1-kHz sine wave. 
ch harmonic as either an even or odd 
Cc. 


Critical Thinking 


15-51 The electrical length of an antenna is to be one-half 
wavelength long at a frequency fof 7.2 MHz. Calculate 
the length of the antenna in (a) feet; (b) centimeters. 


15-52 Atransmission line has a length / of 7.5 m. What is 


its elect 


rical wavelength at 10 MHz? 


Answers to Self-Reviews 15-1 a. true 
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b. false 
c. true 


15-2 a. 10V 
b. 360° 


+20V 


400 ps ———>] 


(c) 


15-44 


15-45 


15-46 


15-47 


Raising the frequency of 250 Hz by one octave 
corresponds to what frequency? 


Lowering the frequency of 3 kHz by two octaves 
corresponds to what frequency? 


Raising the frequency of 300 Hz by three octaves 
corresponds to what frequency? 


What is the frequency two decades above 1 kHz? 


SECTION 15-14 THE 60-Hz AC POWER LINE 


15-48 


15-49 


15-50 


15-53 


15-54 


What is the frequency of the AC power line in most 
European countries? 


What device or component is used to step up or step 
down an AC voltage in the distribution of AC power 
to our homes and industries? 


What is the main reason for using extremely high 
voltages, such as 500 kV, on the distribution lines for 
AC power? 


The total length of an antenna is 120 ft. At what 
frequency is the antenna one-half wavelength long? 


A cosine wave of current has an instantaneous 
amplitude of 45 mA at 0 = 7/3 rad. Calculate the 
waveform’s instantaneous amplitude at 0 = 37/2 rad. 


15-3 a. 85V 
b. 120V 
c. 170V 


15-4 a. 0.707 A 
b. O.5A 
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15-5 a. 120V rms 15-11 a. 30Q 
b. 14.14 V peak b. 6.67 Q 
c. 2.83 V p-p c. 30Q 
15-6 a. 4 Hz 15-12 a. 2s 
b. 1.605 MHz b. 15V 
15-7 a. 400 Hz 15-13 a. 48 MHz 
b. '/a00 5 b. 440 Hz 
15-8 a. true 15-14 a. false 
b. false b. true 
c. true c. true 
d. true 
15-9 a. 90° 
b. 60° 15-15 a. true 
c. 0° b. true 
c. false 
15-10 a. '/205 
b. 0.1 us 15-16 a. 120° 
b. 208 V 


Laboratory Application Assignment 


n this lab application assignment, you will use an oscilloscope 
to measure the amplitude, frequency, and period of a sine-wave 
AC voltage. You will also use a DMM to measure the voltage 
and current values in an AC circuit. As an aid in understanding 
the operation and use of the oscilloscope, refer to Appendix E. 
However, it is expected that your instructor will assist you with 
the operation of both the function generator and the 


oscilloscope when doing this experiment. 


Equipment: Obtain the following items from your instructor. 
* Function generator 

* Assortment of carbon-film resistors 

* Oscilloscope 


> DMM 


Using the Oscilloscope and Function Generator 


Connect the channel 1 probe of the oscilloscope to the output of 
the function generator. Set the function generator to produce a 
sine-wave output. Next, while viewing the oscilloscope, adjust the 
function generator and oscilloscope controls to view one cycle of a 
100-Hz, 8-V,,, sine wave. The displayed waveform should be similar 
to the one shown in Fig. 15-37. Have your instructor check the 
displayed waveform. If it is correct, proceed as follows. 


What is the Volts/div. setting of the oscilloscope? Volts /div. = 
How many vertical divisions does the displayed 

waveform occupy? 

From this information, what is the measured peak-to-peak 

value of the displayed waveform? V,, = 


What is the peak value of the displayed waveform? Vp = 
Using this value, calculate and record the 


Alternating Voltage and Current 


Figure 15-37 


k&—— Period, T — 


waveform’s rms value. V,m, = With your DMM set 
to measure AC voltage, measure and record the rms voltage at 


the output of the function generator. V,m. = How 


rms 


does this value compare to the calculated value? 


What is the Sec./div. setting of the oscilloscope? Sec./div. = 
How many horizontal divisions does one cycle 

occupy? 

From this information, what is the measured period, T, of the 

displayed waveform? T = 

Calculate and record the period, T, of the 100-Hz waveform as 

=I = 


How do the calculated and measured values compare? 


Adjust the Sec./div control of the oscilloscope until two cycles 
are displayed on the screen. What is the Sec. /div. setting with 
two cycles displayed? Sec./div. = 


Have either your instructor or lab partner adjust the function 
generator controls to change the frequency and amplitude of the 
sine wave. Determine the period, T, frequency, f, and peak-to-peak 
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value of the displayed waveform. Repeat this procedure several 
times until you become proficient in using the oscilloscope. 


AC Circuit Measurements 


Refer to Fig. 15-38. Calculate and record the following circuit 
values: 
Ra = I = s 


? “rms 


Via S = as 


Construct the circuit in Fig. 15—38. Using your DMM, measure 
and record the following rms values: lms = 4 


> Varmo = 


(rms) = 


Using the oscilloscope, measure and record the following 
peak-to-peak values. (You will need to use both channels and 
the math mode to measure V,.) 
oo 


2(pp) = 


Convert the peak-to-peak values to rms values, and record your 
answers. 
= 


Tems) 7 


2(rms) = 


How do these values compare to the values measured with the 
DMM? 


Figure 15-38 


R =1kQ 


VE SNV: x 
f =100 Hz Fie Goa 


With your DMM set to measure DC voltage, measure and 
record the following values in Fig. 15-38: 


Vioo = V 00 = — 


Voo a 


Are these measurements what you expected? 


Cumulative Review Summary (Chapters 13-15) 


Iron, nickel, and cobalt are magnetic 
materials. Magnets have a north pole 
and a south pole at opposite ends. 


Opposite poles attract; like poles repel. 


A magnet has an invisible, external 
magnetic field. This magnetic flux is 
indicated by field lines. The direction 
of field lines outside the magnet is 
from a north pole to a south pole. 


An electromagnet has an iron core 
that becomes magnetized when 
current flows in the coil winding. 


Magnetic units are defined in 
Table 13-1. 


Continuous magnetization and 
demagnetization of an iron core by 
alternating current causes hysteresis 
losses that increase with higher 
frequencies. 


Current in a conductor has an 
associated magnetic field with 
circular lines of force in a plane 
perpendicular to the wire. 


Motor action results from the net 
force of two fields that can aid or 
cancel. The direction of the resultant 
force is from the stronger field to the 
weaker. 
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The motion of flux cutting across a 
perpendicular conductor generates 
an induced voltage. 


Faraday’s law of induced voltage 


states that v= N d /dt. 


Lenz’s law states that an induced 
voltage must have the polarity that 
opposes the change causing the 
induction. 


Alternating voltage varies in 
magnitude and reverses in polarity. 


One cycle includes the values 
between points having the same value 
and varying in the same direction. The 
cycle includes 360°, or 2z rad. 


Frequency f equals cycles per second 
(cps). One cps = 1 Hz. 


Period T is the time for one cycle. It 
equals 1/f. When f is in cycles per 
second, T is in seconds. 


Wavelength 4 is the distance a wave 
travels in one cycle. A = v/f. 


The rms, or effective value, of a sine 
wave equals 0.707 X peak value. Or 
the peak value equals 1.414 X rms 
value. The average value equals 
0.637 X peak value. 


Phase angle @ is the angular 
difference between corresponding 
values in the cycles for two sine waves 
of the same frequency. The angular 
difference can be expressed in time 
based on the frequency of the waves. 


Phasors, similar to vectors, indicate 
the amplitude and phase angle of 
alternating voltage or current. The 
length of the phasor is the amplitude, 
and the angle is the phase. 


The square wave and sawtooth wave 
are common examples of 
nonsinusoidal waveforms. 


Direct current motors generally use 
commutator segments with graphite 
brushes. Alternating current motors 
are usually the induction type without 
brushes. 


House wiring uses three-wire, single- 
phase power with a frequency of 

60 Hz. The voltages for house wiring 
are 120 V to the grounded neutral 
and 240 V across the two high sides. 


Three-phase AC power has three legs 
120° out of phase. A Y connection 
with 120 V across each phase has 
208 V available across each two legs. 
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Cumulative Self-Test 


Answers at the back of the book. 


1. Which of the following statements is 
true? (a) Alnico is commonly used for 


electromagnets. (b) Paper cannot 
affect magnetic flux because it is 
not a magnetic material. (c) Iron is 
generally used for permanent 
magnets. (d) Ferrites have lower 
permeability than air or vacuum. 


2. Hysteresis losses (a) are caused 
by high-frequency alternating 
current in a coil with an iron core; 
(b) generally increase with direct 
current in a coil; (9 are especially 
important for permanent magnets 
that have a steady magnetic field; 
(d) cannot be produced in an iron 
core because it is a conductor. 


3. A magnetic flux of 25,000 lines 
through an area of 5 cm? results in 


(a) 5 lines of flux; (b) 5000 Mx of flux; 


Design credit Multisim: ©Stockbyte/Getty Images 


Alternating Voltage and Current 


(©) flux density of 5000 G; (d) flux 
density corresponding to 25,000 A. 


-If 10 Vis applied across a relay coil 


with 100 turns having 2 Q of 
resistance, the total force producing 
magnetic flux in the circuit is 

(a) 10 Mx; (b) 50 G; (c) 100 Oe; 

(d) 500 A-t. 


. The AC power-line voltage of 120 V 


rms has a peak value of (a) 100 V; 
(b) 170 V; (c) 240 V; (d) 338 V. 


. Which of the following can produce 


the most induced voltage? (a) 1-A 
direct current; (b) 50-A direct current; 
(© 1-A 60-Hz alternating current; 

(d) 1-A 400-Hz alternating current. 


. Which of the following has the 


highest frequency? (a) T = '⁄000 s; 
(b) T= Vas (CQ) T=15;(d)T=2s. 


8. 


10. 


Two waves of the same frequency are 
opposite in phase when the phase 
angle between them is (a) 0°; (b) 90°; 
(c) 360°; (d) z rad. 


. A 120-V, 60-Hz power-line voltage is 


applied across a 120-Q resistor. The 
current equals (a) 1 A, peak value; 
(b) 120 A, peak value; (c) 1 A, rms 
value; (d) 5 A, rms value. 


When an alternating voltage 
reverses in polarity, the current it 
produces (a) reverses in direction; 
(b) has a steady DC value; (c) has a 
phase angle of 180°; (d) alternates at 
1.4 times the frequency of the 
applied voltage. 
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Capacitance 


apacitance is the ability of a dielectric to hold or store an electric charge. The 
more charge stored for a given voltage, the higher the capacitance. The symbol 
for capacitance is C, and the unit is the farad (F), named after Michael Faraday. 


A capacitor consists of two metal plates separated by an insulator (also called a 
dielectric). The metal plates make it possible to apply voltage across the dielectric. 
Different types of capacitors are manufactured for specific values of C. They are 
named according to the type of dielectric used by the capacitor. Common types are 
air, ceramic, mica, paper, plastic-film, and electrolytic capacitors. Capacitors used in 
electronic circuits are small and economical. 


An important property of a capacitor is its ability to block a steady DC voltage while 
passing AC signals. The higher the frequency, the less the opposition to AC voltage. 


Capacitors are a common source of trouble in electronic circuits because they can 
have either an open at the metal plates or a short circuit through the dielectric. 
These troubles are described here, including the method of checking a capacitor with 


an ohmmeter, even though a capacitor uses an insulator to separate the capacitor 
plates. E 


GH hapter outline 


16-1 How Charge Is Stored in a Capacitor 
16-2 Charging and Discharging a Capacitor 
16-3 The Farad Unit of Capacitance 

16-4 Typical Capacitors 


16-5 Electrolytic Capacitors 
16-6 Capacitor Coding 


16-7 
16-8 
16-9 


16-10 
16-11 


Parallel Capacitances 
Series Capacitances 


Energy Stored in Electrostatic Field 
of Capacitance 


Measuring and Testing Capacitors 


Troubles in Capacitors 


[Chapter objectives 


After studying this chapter, you should be able to 


Œ Describe how charge is stored in the 
dielectric of a capacitor. 

@ Describe how a capacitor charges and 
discharges. 

Œ Define the farad unit of capacitance. 


Explain how capacitors are coded. 


Calculate the total capacitance of parallel- 


connected capacitors. 


Calculate the equivalent capacitance of 


series-connected capacitors. 


List the physical factors affecting the 
capacitance of a capacitor. 


m List several types of capacitors and the 
characteristics of each. 


Æ Explain how an electrolytic capacitor is 
constructed. 


Calculate the energy stored in a capacitor. 
Define the terms leakage, dielectric absorption, 
and equivalent series resistance as they relate 
to capacitors. 


Describe how an ohmmeter can be used to 
test a capacitor. 


capacitance (C) 


capacitor dielectric material 
charging dielectric strength 
condenser discharging 


dielectric absorption electric field 


dielectric constant, K. equivalent series 


resistance (ESR) 
farad (F) unit 
ganged capacitors 
leakage current 


leakage resistance 
microfarad (uF) 
nanofarad (nF) 
picofarad (pF) 
relative permittivity, €, 


Capacitance 
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GOOD TO KNOW 


In the automotive industry, 
capacitors are commonly 
referred to as condensers. In the 
electronics industry, however, 
capacitors are rarely, if ever, 


referred to as condensers. 
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16-1 How Charge Is Stored 
in a Capacitor 


It is possible for dielectric materials such as air or paper to hold an electric charge 
because free electrons cannot flow through an insulator. However, the charge must 
be applied by some source. In Fig. 16—la, the battery can charge the capacitor 
shown. With the dielectric contacting the two metal plates connected to the potential 
difference V, electrons from the voltage source accumulate on the side of the capaci- 
tor connected to the negative terminal of V. The opposite side of the capacitor con- 
nected to the positive terminal of V loses electrons. 

As a result, the excess of electrons produces a negative charge on one side of 
the capacitor, and the opposite side has a positive charge. As an example, if 
6.25 x 10'* electrons are accumulated, the negative charge equals 1 coulomb (C). 
The charge on only one plate need be considered because the number of 
electrons accumulated on one plate is exactly the same as the number taken 
from the opposite plate. 

What the voltage source does is simply redistribute some electrons from one side 
of the capacitor to the other. This process is called charging the capacitor. Charging 
continues until the potential difference across the capacitor is equal to the applied 
voltage. Without any series resistance, the charging is instantaneous. Practically, 
however, there is always some series resistance. This charging current is transient, 
or temporary; it flows only until the capacitor is charged to the applied voltage. 
Then there is no current in the circuit. 

The result is a device for storing charge in the dielectric. Storage means that the 
charge remains even after the voltage source is disconnected. The measure of how 
much charge can be stored is the capacitance C. More charge stored for a given 
amount of applied voltage means more capacitance. Components made to provide a 
specified amount of capacitance are called capacitors, or by their old name 
condensers. 

Electrically, then, capacitance is the ability to store charge. A capacitor consists 
simply of two metal plates separated by an insulator. For example, Fig. 16—-1b shows 
a variable capacitor using air for the dielectric between the metal plates. There are 
many types with different dielectric materials, including paper, mica, and ceramics, 
but the schematic symbols shown in Fig. 16—1c apply to all capacitors. 


Electric Field in the Dielectric 


Any voltage has a field of electric lines of force between the opposite electric 
charges. The electric field corresponds to the magnetic lines of force of the 


Figure 16-1 Capacitance stores the charge in the dielectric between two conductors. 
(a) Structure. (b) Air-dielectric variable capacitor. Length is 2 in. (c) Schematic symbols for 
fixed and variable capacitors. 


Dielectric 


Alamy, Inc. 


Fixed Variable 


(a) (b) (c) 
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Capacitance 


magnetic field associated with electric current. What a capacitor does is concentrate 
the electric field in the dielectric between the plates. This concentration corresponds 
to a magnetic field concentrated in the turns of a coil. The only function of the 
capacitor plates and wire conductors is to connect the voltage source V across the 
dielectric. Then the electric field is concentrated in the capacitor, instead of being 
spread out in all directions. 


Electrostatic Induction 


The capacitor has opposite charges because of electrostatic induction by the electric 
field. Electrons that accumulate on the negative side of the capacitor provide elec- 
tric lines of force that repel electrons from the opposite side. When this side loses 
electrons, it becomes positively charged. The opposite charges induced by an elec- 
tric field correspond to the opposite poles induced in magnetic materials by a mag- 
netic field. 


E 76-1 Self-Review 


Answers at the end of the chapter. 


a. Ina capacitor, is the electric charge stored in the dielectric or on the 
metal plates? 
b. What is the unit of capacitance? 


16-2 Charging and Discharging 
a Capacitor 


Charging and discharging are the two main effects of capacitors. Applied voltage 
puts charge in the capacitor. The accumulation of charge results in a buildup of 
potential difference across the capacitor plates. When the capacitor voltage equals the 
applied voltage, there is no more charging. The charge remains in the capacitor, with 
or without the applied voltage connected. 

The capacitor discharges when a conducting path is provided across the plates, 
without any applied voltage. Actually, it is necessary only that the capacitor voltage 
be more than the applied voltage. Then the capacitor can serve as a voltage source, 
temporarily, to produce discharge current in the discharge path. The capacitor dis- 
charge continues until the capacitor voltage drops to zero or is equal to the applied 
voltage. 


Applying the Charge 


In Fig. 16—2a, the capacitor is neutral with no charge because it has not been con- 
nected to any source of applied voltage and there is no electrostatic field in the 
dielectric. Closing the switch in Fig. 16—2b, however, allows the negative battery 
terminal to repel free electrons in the conductor to plate A. At the same time, the 
positive terminal attracts free electrons from plate B. The side of the dielectric at 
plate A accumulates electrons because they cannot flow through the insulator, and 
plate B has an equal surplus of protons. 

Remember that opposite charges have an associated potential difference, which 
is the voltage across the capacitor. The charging process continues until the capaci- 
tor voltage equals the battery voltage, which is 10 V in this example. Then no further 
charging is possible because the applied voltage cannot make free electrons flow in 
the conductors. 

Note that the potential difference across the charged capacitor is 10 V between 
plates A and B. There is no potential difference from each plate to its battery termi- 
nal, however, which is why the capacitor stops charging. 
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Figure 16-2 
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Storing electric charge in a capacitance. (a) Capacitor without any charge. (b) Battery charges capacitor to 
applied voltage of 10 V. (c) Stored charge remains in the capacitor, providing 10 V without the battery. (d) Discharging the capacitor. 


(b) (c) (a) 


Storing the Charge 


The negative and positive charges on opposite plates have an associated electric 
field through the dielectric, as shown by the dotted lines in Fig. 16—2b and c. The 
direction of these electric lines of force is shown repelling electrons from plate B, 
making this side positive. The effect of electric lines of force through the dielectric 
results in storage of the charge. The electric field distorts the molecular structure so 
that the dielectric is no longer neutral. The dielectric is actually stressed by the invis- 
ible force of the electric field. As evidence, the dielectric can be ruptured by a very 
intense field with high voltage across the capacitor. 

The result of the electric field, then, is that the dielectric has charge supplied by 
the voltage source. Since the dielectric is an insulator that cannot conduct, the charge 
remains in the capacitor even after the voltage source is removed, as illustrated in 
Fig. 16—-2c. You can now take this charged capacitor by itself out of the circuit, and 
it still has 10 V across the two terminals. 


Discharging 


The action of neutralizing the charge by connecting a conducting path across the dielec- 
tric is called discharging the capacitor. In Fig. 16—2d, the wire between plates A and B 
is a low-resistance path for discharge current. With the stored charge in the dielectric 
providing the potential difference, 10 V is available to produce discharge current. The 
negative plate repels electrons, which are attracted to the positive plate through the 
wire, until the positive and negative charges are neutralized. Then there is no net charge. 
The capacitor is completely discharged, the voltage across it equals zero, and there is no 
discharge current. Now the capacitor is in the same uncharged condition as in 
Fig. 16—2a. It can be charged again, however, by a source of applied voltage. 


Nature of the Capacitance 


A capacitor can store the amount of charge necessary to provide a potential differ- 
ence equal to the charging voltage. If 100 V were applied in Fig. 16—2, the capacitor 
would charge to 100 V. 

The capacitor charges to the applied voltage because it takes on more charge when 
the capacitor voltage is less. As soon as the capacitor voltage equals the applied volt- 
age, no more charging current can flow. Note that any charge or discharge current 
flows through the conducting wires to the plates but not through the dielectric. 


Charge and Discharge Currents 


In Fig. 16-25, i, is in the opposite direction from i, in Fig. 16—2d. In both cases, the 
current shown is electron flow. However, i, is charging current to the capacitor and 
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IN ELECTRONICS 
The unit of measure for capacitance, 
the farad (F), was named for Michael 
Faraday (1791-1867), an English 


chemist and physicist who 


discovered the principle of induction 
(1 F is the unit of capacitance that 
will store 1 coulomb [C] of charge 


when 1 volt [V] is applied). 


GOOD TO KNOW 


Capacitors are normally coded in 
either pF or uF units and rarely 
in nF units. However, most 
capacitance testers have 
capacitance ranges that are in 


nF units. 


Capacitance 


Oxford Science Archive/Print Collector/Getty Images 


iy is discharge current from the capacitor. The charge and discharge currents must 
always be in opposite directions. In Fig. 16-25, the negative plate of C accumulates 
electrons from the voltage source. In Fig. 16—2d, the charged capacitor is a voltage 
source to produce electron flow around the discharge path. 

More charge and discharge current result from a higher value of C for a given 
amount of voltage. Also, more V produces more charge and discharge current with 
a given amount of capacitance. However, the value of C does not change with the 
voltage because the amount of C depends on the physical construction of the 
capacitor. 


E 76-2 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 16-2. 
a. Ifthe applied voltage were 14.5 V, how much would the voltage be 
across C after it is charged? 
How much is the voltage across C after it is completely discharged? 
c. Cana capacitor be charged again after it is discharged? 


16-3 The Farad Unit of Capacitance 


With more charging voltage, the electric field is stronger and more charge is stored 
in the dielectric. The amount of charge Q stored in the capacitance is therefore pro- 
portional to the applied voltage. Also, a larger capacitance can store more charge. 
These relations are summarized by the formula 


Q = CV coulombs (16-1) 


where Q is the charge stored in the dielectric in coulombs (C), V is the voltage across 
the plates of the capacitor, and C is the capacitance in farads. 

The C is a physical constant, indicating the capacitance in terms of the amount 
of charge that can be stored for a given amount of charging voltage. When one cou- 
lomb is stored in the dielectric with a potential difference of one volt, the capaci- 
tance is one farad. 

Practical capacitors have sizes in millionths of a farad, or smaller. The reason is 
that typical capacitors store charge of microcoulombs or less. Therefore, the com- 
mon units are 


1 microfarad = 1 uF = 1 x 10% F 
1 nanofarad = 1 nF = 1 x 10°F 
1 picofarad = 1 pF = 1 x 10-7” F 


Although traditionally it has not been used, the nanofarad unit of capacitance is 
gaining acceptance in the electronics industry. 


Example 16-1 


How much charge is stored in a 2-4F capacitor connected across a 50-V supply? 


ANSWER Q=CV=2x 10“ x 50 
= 100 x 10°C 
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500 


Example 16-2 


How much charge is stored in a 40-yF capacitor connected across a 50-V 
supply? 
ANSWER Q=CV=40~x 10° x50 

= 2000 x 10% C 


Note that the larger capacitor stores more charge for the same voltage, in accor- 
dance with the definition of capacitance as the ability to store charge. 
The factors in Q = CV can be inverted to 


Q 
or 
Q 6 


For all three formulas, the basic units are volts for V, coulombs for Q, and farads for 
C. Note that the formula C = Q/V actually defines one farad of capacitance as one 
coulomb of charge stored for one volt of potential difference. The letter C (in italic 
type) is the symbol for capacitance. The same letter C (in roman type) is the abbre- 
viation for the coulomb unit of charge. The difference between C and C will be 
made clearer in the examples that follow. 


Example 16-3 


A constant current of 2 „A charges a capacitor for 20 s. How much charge is 
stored? Remember I = Q/t or Q=1 Xt. 


ANSWER Q=Ixt 


=2 x 10° x 20 
= 40 x 10° or 40 uC 


Example 16-4 


The voltage across the charged capacitor in Example 16-3 is 20 V. Calculate C. 


_2 _ 40x10" _ -6 
ANSWER cC=%= 20 =2x 10 
=2 uF 
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Example 16-5 


A constant current of 5 mA charges a 10-F capacitor for 1 s. How much is the 
voltage across the capacitor? 
ANSWER Find the stored charge first: 


Q=!1xt=5x10°x1 
=5 x 10° C or 5mC 


-2Q_ 5x10 _ 3 
V=% = ipx = 05 10 
= 500 V 


Larger Plate Area Increases Capacitance 


As illustrated in Fig. 16-3, when the area of each plate is doubled, the capacitance 
in Fig. 16—3b stores twice the charge of Fig. 16-3a. The potential difference in both 
cases is still 10 V. This voltage produces a given strength of electric field. A larger 
plate area, however, means that more of the dielectric surface can contact each plate, 
allowing more lines of force through the dielectric between the plates and less flux 
leakage outside the dielectric. Then the field can store more charge in the dielectric. 
The result of larger plate area is more charge stored for the same applied voltage, 
which means that the capacitance is larger. 


Thinner Dielectric Increases Capacitance 


As illustrated in Fig. 16—3c, when the distance between plates is reduced by one- 
half, the capacitance stores twice the charge of Fig. 16—3a. The potential difference 
is still 10 V, but its electric field has greater flux density in the thinner dielectric. 
Then the field between opposite plates can store more charge in the dielectric. With 
less distance between the plates, the stored charge is greater for the same applied 
voltage, which means that the capacitance is greater. 


Figure 16-3 Increasing stored charge and capacitance by increasing the plate area and decreasing the distance between plates. 
(a) Capacitance of 1 uF. (b) A 2-uF capacitance with twice the plate area and the same distance. (c) A 2-uF capacitance with one-half 


the distance and the same plate area. 


= oy Eo = wy 2Q = ov Şa 2Q 
2j 7 
(c) 


= 1 uF 
l i Uo T UO] 


(a) (b) 
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GOOD TO KNOW 


The capacitance of a capacitor is 
determined only by its physical 
construction and not by external 
circuit parameters such as 


frequency, voltage, etc. 
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Table 16-1 Dielectric Materials* 


Dielectric Dielectric Strength, 
Material Constant K, V/mil** 
Air or vacuum 1 20 
Aluminum oxide 7 
Ceramics 80-1200 600-1250 
Glass 8 335-2000 
Mica 3-8 600-1500 
Oil 2-5 275 
Paper 2—6 1250 
Plastic film 2-3 
Tantalum oxide 25 


* Exact values depend on the specific composition of different types. 
** ] mil equals one-thousandth of an inch or 0.001 in. 


Dielectric Constant K, 


This indicates the ability of an insulator to concentrate electric flux. Its numerical 
value is specified as the ratio of flux in the insulator compared with the flux in air 
or vacuum. The dielectric constant of air or vacuum is 1, since it is the reference. 

Mica, for example, has an average dielectric constant of 6, which means that it 
can provide a density of electric flux six times as great as that of air or vacuum for 
the same applied voltage and equal size. Insulators generally have a dielectric con- 
stant K, greater than 1, as listed in Table 16-1. Higher values of K, allow greater 
values of capacitance. 

Note that the aluminum oxide and tantalum oxide listed in Table 16-1 are used 
for the dielectric in electrolytic capacitors. Also, plastic film is often used instead of 
paper for the rolled-foil type of capacitor. 

The dielectric constant for an insulator is actually its relative permittivity. The 
symbol ¢,, or K., indicates the ability to concentrate electric flux. This factor corre- 
sponds to relative permeability, with the symbol y, or K» for magnetic flux. Both e, 
and u, are pure numbers without units as they are just ratios.” 

These physical factors for a parallel-plate capacitor are summarized by the 
formula 


C=K,x4x 8.85 x 10-2 F (16-4) 
where A is the area in square meters of either plate, d is the distance in meters 
between plates, K, is the dielectric constant, or relative permittivity, as listed in 
Table 16-1, and C is capacitance in farads. The constant factor 8.85 x 107" is the 
absolute permittivity of air or vacuum, in SI, since the farad is an SI unit. 


* The absolute permittivity €, is 8.854 x 107" F/m in SI units for electric flux in air or vacuum. This value 
corresponds to an absolute permeability x of 42 x 10-7 H/m in SI units for magnetic flux in air or a vacuum. 
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Example 16-6 


Calculate C for two plates, each with an area 2 m’, separated by 1 cm, or 
107? m, with a dielectric of air. 


ANSWER Substituting in Formula (16-4), 


= 2 12 
C= 1 x 753 X 8.85 x 10 F 


= 200 x 8.85 x 10°” 
= 1770 x 10° F or 1770 pF 


This value means that the capacitor can store 1770 x 10-"? C of charge with 1 V. 
Note the relatively small capacitance, in picofarad units, with the extremely large 
plates of 2 m°, which is really the size of a tabletop or a desktop. 

If the dielectric used is paper with a dielectric constant of 6, then C will be six 
times greater. Also, if the spacing between plates is reduced by one-half to 0.5 cm, 
the capacitance will be doubled. Note that practical capacitors for electronic circuits 
are much smaller than this parallel-plate capacitor. They use a very thin dielectric 
with a high dielectric constant, and the plate area can be concentrated in a small 
space. 


Dielectric Strength 


Table 16-1 also lists breakdown-voltage ratings for typical dielectrics. Dielectric 
strength is the ability of a dielectric to withstand a potential difference without arc- 
ing across the insulator. This voltage rating is important because rupture of the 
insulator provides a conducting path through the dielectric. Then it cannot store 
charge because the capacitor has been short-circuited. Since the breakdown voltage 
increases with greater thickness, capacitors with higher voltage ratings have more 
distance between plates. This increased distance reduces the capacitance, however, 
all other factors remaining the same. 


E 76-3 Self-Review 


Answers at the end of the chapter. 


a. A capacitor charged to 100 V has 1000 uC of charge. How much is C? 
b. A mica capacitor and ceramic capacitor have the same physical 
dimensions. Which has more C? 


16-4 Typical Capacitors 


Commercial capacitors are generally classified according to the dielectric. Most 
common are air, mica, paper, plastic film, and ceramic capacitors, plus the electro- 
lytic type. Electrolytic capacitors use a molecular-thin oxide film as the dielectric, 
resulting in large capacitance values in little space. These types are compared in 
Table 16-2 and discussed in the sections that follow. 

Except for electrolytic capacitors, capacitors can be connected to a circuit with- 
out regard to polarity, since either side can be the more positive plate. Electrolytic 
capacitors are marked to indicate the side that must be connected to the positive or 
negative side of the circuit. Note that the polarity of the charging source determines 
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Table 16-2 Types of Capacitors 


Dielectric 
Air 


Ceramic 


Electrolytic 


Mica 


Paper 


Plastic film 
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Construction Capacitance Breakdown, V 
Meshed plates 10-400 pF 400 (0.02-in. air gap) 
Tubular 0.5-1600 pF 500-20,000 
Disk 1 pF-1 uF 

Aluminum 1-6800 uF 10-450 
Tantalum 0.047-330 uF 6-50 
Stacked sheets 10-5000 pF 500-20 ,000 
Rolled foil 0.001-1 pF 200-1600 

Foil or metallized 100 pF-100 uF 50-600 


the polarity of the capacitor voltage. Failure to observe the correct polarity can 
damage the dielectric and lead to the complete destruction of the capacitor. 


Mica Capacitors 


Thin mica sheets as the dielectric are stacked between tinfoil sections for the con- 
ducting plates to provide the required capacitance. Alternate strips of tinfoil are 
connected and brought out as one terminal for one set of plates, and the opposite 
terminal connects to the other set of interlaced plates. The construction is shown in 
Fig. 16—4a. The entire unit is generally in a molded Bakelite case. Mica capacitors 
are often used for small capacitance values of about 10 to 5000 pF; their length is 
% in. or less with about %-in. thickness. A typical mica capacitor is shown in 
Fig. 16—4b. 


Paper Capacitors 


In this construction shown in Fig. 16—5a, two rolls of tinfoil conductor separated by 
a paper dielectric are rolled into a compact cylinder. Each outside lead connects to 
its roll of tinfoil as a plate. The entire cylinder is generally placed in a cardboard 
container coated with wax or encased in plastic. Paper capacitors are often used for 


Figure 16-4 Mica capacitor. (a) Physical construction. (b) Example of a mica capacitor. 


Mica sheets 


> Tin-foil plates 
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Figure 16-6 Film capacitor. 


~ 


Figure 16-7 Ceramic disk capacitor. 
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Capacitance 
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Figure 16-5 Paper capacitor. (a) Physical construction. (b) Example of a paper capacitor. 


£> Paper dielectric kk - ——— 
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(a) (b) 


medium capacitance values of 0.001 to 1.0 wF, approximately. The size of a 
0.05-uF capacitor is typically 1 in. long and %-in. in diameter. A paper capacitor is 
shown in Fig. 16-5b. 

A black or a white band at one end of a paper capacitor indicates the lead con- 
nected to the outside foil. This lead should be used for the ground or low-potential 
side of the circuit to take advantage of shielding by the outside foil. There is no 
required polarity, however, since the capacitance is the same no matter which side is 
grounded. Also note that in the schematic symbol for C, the curved line usually 
indicates the low-potential side of the capacitor. 


Film Capacitors 


Film capacitors are constructed much like paper capacitors except that the paper 
dielectric is replaced with a plastic film such as polypropylene, polystyrene, poly- 
carbonate, or polyethelene terepthalate (Mylar). There are two main types of film 
capacitors: the foil type and the metallized type. The foil type uses sheets of metal 
foil, such as aluminum or tin, for its conductive plates. The metallized type is con- 
structed by depositing (spraying) a thin layer of metal, such as aluminum or zinc, on 
the plastic film. The sprayed-on metal serves as the plates of the capacitor. The 
advantage of the metallized type over the foil type is that the metallized type is much 
smaller for a given capacitance value and breakdown voltage rating. The reason is 
that the metallized type has much thinner plates because they are sprayed on. 
Another advantage of the metallized type is that it is self-healing. This means that if 
the dielectric is punctured because its breakdown voltage rating is exceeded, the 
capacitor is not damaged permanently. Instead, the capacitor heals itself. This is not 
true of the foil type. 

Film capacitors are very temperature-stable and are therefore used frequently 
in circuits that require very stable capacitance values. Some examples are 
radio-frequency oscillators and timer circuits. Film capacitors are available with 
values ranging from about 100 pF to 100 „F. Figure 16-6 shows a typical film 
capacitor. 


Ceramic Capacitors 


The ceramic materials used in ceramic capacitors are made from earth fired under 
extreme heat. With titanium dioxide or one of several types of silicates, very high 
values of dielectric constant K, can be obtained. Most ceramic capacitors come in 
disk form, as shown in Fig. 16-7. In the disk form, silver is deposited on both sides 
of the ceramic dielectric to form the capacitor plates. Ceramic capacitors are avail- 
able with values of 1 pF (or less) up to about 1 uF. The wide range of values is pos- 
sible because the dielectric constant K, can be tailored to provide almost any desired 
value of capacitance. 
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GOOD TO KNOW 


Some variable capacitors use 
mica, ceramic, or plastic film as 
the dielectric. These types of 
capacitors are called trimmer 
capacitors. Trimmer capacitors 
typically have values less than 
100 pF. Furthermore, trimmer 
capacitors are not adjusted very 
often; usually only during the 


alignment of equipment. 
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Note that ceramic capacitors are also available in forms other than disks. Some 
ceramic capacitors are available with axial leads and use a color code similar to that 
of a resistor. 


Surface-Mount Capacitors 


Like resistors, capacitors are also available as surface-mounted components. Surface- 
mounted capacitors are often called chip capacitors. Chip capacitors are constructed by 
placing a ceramic dielectric material between layers of conductive film which form the 
capacitor plates. The capacitance is determined by the dielectric constant K. and the 
physical area of the plates. Chip capacitors are available in many sizes. A common size 
is 0.125 in. long by 0.063 in. wide in various thicknesses. Another common size is 
0.080 in. long by 0.050 in. wide in various thicknesses. Figure 16-8 shows two sizes of 
chip capacitors. Like chip resistors, chip capacitors have their end electrodes soldered 
directly to the copper traces of the printed-circuit board. Chip capacitors are available 
with values ranging from a fraction of a picofarad up to several microfarads. 


Variable Capacitors 


Figure 16-1 shows a variable air capacitor. In this construction, the fixed metal 
plates connected together form the stator. The movable plates connected together on 
the shaft form the rotor. Capacitance is varied by rotating the shaft to make the rotor 
plates mesh with the stator plates. They do not touch, however, since air is the 
dielectric. Full mesh is maximum capacitance. Moving the rotor completely out of 
mesh provides minimum capacitance. 

A common application is the tuning capacitor in radio receivers. When you tune 
to different stations, the capacitance varies as the rotor moves in or out of mesh. 
Combined with an inductance, the variable capacitance then tunes the receiver to a 
different resonant frequency for each station. Usually two or three capacitor sections 
are ganged on one common shaft. 


Figure 16-8 Chip capacitors. 
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GOOD TO KNOW 


To calculate the change in 
capacitance, AC, for a change in 
temperature, AT, use the 


following equation: 


ING = = x AT x (+ppm) 


Capacitance 


Temperature Coefficient 


Ceramic capacitors are often used for temperature compensation to increase or 
decrease capacitance with a rise in temperature. The temperature coefficient is 
given in parts per million (ppm) per degree Celsius, with a reference of 25°C. As an 
example, a negative 750-ppm unit is stated as N750. A positive temperature coeffi- 
cient of the same value would be stated as P750. Units that do not change in capaci- 
tance are labeled NPO. 


Capacitance Tolerance 


Ceramic disk capacitors for general applications usually have a tolerance of +20%. 
For closer tolerances, mica or film capacitors are used. These have tolerance values 
of +2 to 20%. Silver-plated mica capacitors are available with a tolerance of +1%. 

The tolerance may be less on the minus side to make sure that there is enough 
capacitance, particularly with electrolytic capacitors, which have a wide tolerance. 
For instance, a 20-yF electrolytic with a tolerance of —10%, +50% may have a 
capacitance of 18 to 30 uF. However, the exact capacitance value is not critical in 
most applications of capacitors for filtering, AC coupling, and bypassing. 


Voltage Rating of Capacitors 


This rating specifies the maximum potential difference that can be applied across the 
plates without puncturing the dielectric. Usually the voltage rating is for tempera- 
tures up to about 60°C. Higher temperatures result in a lower voltage rating. Voltage 
ratings for general-purpose paper, mica, and ceramic capacitors are typically 200 to 
500 V. Ceramic capacitors with ratings of 1 to 20 kV are also available. 

Electrolytic capacitors are typically available in 16-, 35-, and 50-V ratings. For 
applications where a lower voltage rating is permissible, more capacitance can be 
obtained in a smaller size. 

The potential difference across the capacitor depends on the applied voltage and 
is not necessarily equal to the voltage rating. A voltage rating higher than the poten- 
tial difference applied across the capacitor provides a safety factor for long life in 
service. However, the actual capacitor voltage of electrolytic capacitors should be 
close to the rated voltage to produce the oxide film that provides the specified 
capacitance. 

The voltage ratings are for DC voltage applied. The breakdown rating is lower 
for AC voltage because of the internal heat produced by continuous charge and 
discharge. 


Capacitor Applications 


In most electronic circuits, a capacitor has DC voltage applied, combined with a 
much smaller AC signal voltage. The usual function of the capacitor is to block the 
DC voltage but pass the AC signal voltage by means of the charge and discharge cur- 
rent. These applications include coupling, bypassing, and filtering of AC signals. 


E 16-4 Self-Review 


Answers at the end of the chapter. 


a. An electrolytic capacitor must be connected in the correct polarity. 
(True/False) 

b. The potential difference across a capacitor is always equal to its 
maximum voltage rating. (True/False) 

c. Ceramic and paper capacitors generally have less C than electrolytic 
capacitors. (True/False) 

d. The letters NPO indicate zero temperature coefficient. (True/False) 
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Figure 16-9 Construction of aluminum 
electrolytic capacitor. (a) Internal 
electrodes. (b) Foil rolled into cartridge. 
(©) Typical capacitor with multiple sections. 


Negative electrode 
(electrolyte) 


SS 
a 
SSK with electrolyte XK? Oxid 
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film 


Positive electrode 
(aluminum foil) 


(a) 


(b) 
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GOOD TO KNOW 


The DC leakage current of an 
electrolytic capacitor is usually 
specified as a product of 
capacitance, voltage, and some 
decimal fraction. For example, 
the leakage current of an 
electrolytic may be specified as 
/=0.01 CV + 3 pA maximum. 
The DC leakage current is usually 
measured at 25°C with the rated 
DC working voltage applied. 


508 


16-5 Electrolytic Capacitors 


Electrolytic capacitors are commonly used for C values ranging from about | to 
6800 uF because electrolytics provide the most capacitance in the smallest space 
with least cost. 


Construction 


Figure 16-9 shows the aluminum-foil type. The two aluminum electrodes are in an 
electrolyte of borax, phosphate, or carbonate. Between the two aluminum strips, 
absorbent gauze soaks up electrolyte to provide the required electrolysis that pro- 
duces an oxide film. This type is considered a wet electrolytic, but it can be mounted 
in any position. 

When DC voltage is applied to form the capacitance in manufacture, the electro- 
lytic action accumulates a molecular-thin layer of aluminum oxide at the junction 
between the positive aluminum foil and the electrolyte. The oxide film is an insula- 
tor. As a result, capacitance is formed between the positive aluminum electrode and 
the electrolyte in the gauze separator. The negative aluminum electrode simply 
provides a connection to the electrolyte. Usually, the metal can itself is the negative 
terminal of the capacitor, as shown in Fig. 16—9c. 

Because of the extremely thin dielectric film, very large C values can be obtained. 
The area is increased by using long strips of aluminum foil and gauze, which are 
rolled into a compact cylinder with very high capacitance. For example, an electro- 
lytic capacitor the same size as a 0.1-F paper capacitor, but rated at 10 V break- 
down, may have 1000 „F of capacitance or more. Higher voltage ratings, up to 
450 V, are available, with typical C values up to about 6800 „F. The very high C 
values usually have lower voltage ratings. 


Polarity 


Electrolytic capacitors are used in circuits that have a combination of DC voltage and 
AC voltage. The DC voltage maintains the required polarity across the electrolytic 
capacitor to form the oxide film. A common application is for electrolytic filter capac- 
itors to eliminate the 60- or 120-Hz AC ripple in a DC power supply. Another use is 
for audio coupling capacitors in transistor amplifiers. In both applications, for filtering 
or coupling, electrolytics are needed for large C with a low-frequency AC component, 
whereas the circuit has a DC component for the required voltage polarity. Incidentally, 
the difference between filtering out an AC component or coupling it into a circuit is 
only a question of parallel or series connections. The filter capacitors for a power sup- 
ply are typically 100 to 1000 „F. Audio capacitors are usually 10 to 47 uF. 

If the electrolytic is connected in opposite polarity, the reversed electrolysis 
forms gas in the capacitor. It becomes hot and may explode. This is a possibility 
only with electrolytic capacitors. 


Leakage Current 


The disadvantage of electrolytics, in addition to the required polarization, is their 
relatively high leakage current compared with other capacitors, since the oxide 
film is not a perfect insulator. The problem with leakage current in a capacitor is that 
it allows part of the DC component to be coupled into the next circuit along with the 
AC component. In newer electrolytic capacitors, the leakage current is quite small. 
Section 16-10 takes a closer look at leakage current in capacitors. 


Nonpolarized Electrolytics 


This type is available for applications in circuits without any DC polarizing voltage, as 
in a 60-Hz AC power line. One application is the starting capacitor for AC motors. A 
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Figure 16-10 Tantalum capacitors. 
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nonpolarized electrolytic actually contains two capacitors, connected internally in 
series-opposing polarity. 


Tantalum Capacitors 


This is another form of electrolytic capacitor, using tantalum (Ta) instead of 
aluminum. Titanium (Ti) is also used. Typical tantalum capacitors are shown in 
Fig. 16-10. They feature 


1. Larger C ina smaller size 
2. Longer shelf life 
3. Less leakage current 


However, tantalum electrolytics cost more than the aluminum type. Construction of 
tantalum capacitors include the wet-foil type and a solid chip or slug. The solid 
tantalum is processed in manufacture to have an oxide film as the dielectric. Refer- 
ring back to Table 16-1, note that tantalum oxide has a dielectric constant of 25, 
compared with 7 for aluminum oxide. 


E 76-5 Self-Review 
Answers at the end of the chapter. 


a. The rating of 1000 yF at 25 V is probably for an electrolytic 
capacitor. (True/False) 
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GOOD TO KNOW 


Unfortunately, there is no 
standardization for the coding of 


capacitors. 
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b. Electrolytic capacitors allow more leakage current than mica 
capacitors. (True/False) 

c. Tantalum capacitors have a longer shelf life than aluminum 
electrolytics. (True/False) 


16-6 Capacitor Coding 


The value of a capacitor is usually specified in either microfarad or picofarad units 
of capacitance. This is true for all types of capacitors. As a general rule, if a capaci- 
tor (other than an electrolytic capacitor) is marked using a whole number such as 33, 
220, or 680, the capacitance C is in picofarads (pF). Conversely, if a capacitor is 
labeled using a decimal fraction such as 0.1, 0.047, or 0.0082, the capacitance C is 
in microfarads (uF). There are a variety of ways in which a manufacturer may 
indicate the value of a capacitor. What follows is an explanation of the most fre- 
quently encountered coding systems. 


Film-Type Capacitors 


Figure 16-11 shows a popular coding system for film-type capacitors. The first two 
numbers on the capacitor indicate the first two digits in the numerical value of the 


Figure 16-11 Film capacitor coding system. 


Film-Type Capacitors 


First digit 
of value 


Second digit 
of value 


Multiplier 


Tolerance l 


Multiplier Tolerance of Capacitor 
For the 
Number Multiplier Letter 10 pF or Less Over 10 pF 
(0) 
1 
2 
3 +1% 


4 10,000 J +2% 
5 100,000 +3% 
: 
Examples: 


152K = 15 x A= 1500 pF or 0.0015 uF, +10% 
759J = 75 x 0.1 = 7.5 pF, +5% 


+10% 


+20% 


Note: The letter R may be used at times to signify a decimal point, as in 
2R2 = 2.2 (pF or uF). 
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capacitance. The third number is the multiplier, indicating by what factor the first 
two digits must be multiplied. The letter at the far right indicates the capacitor’s 
tolerance. In this coding system, the capacitance is always in picofarad units. The 
capacitor’s breakdown voltage rating is usually printed on the body directly below 
the coded value of capacitance. 


Example 16-7 


Determine the value of capacitance for the film capacitors in Fig. 16—-12a and b. 


Figure 16-12 Film capacitors for Example 16-7. 


(0) (0) 


ANSWER In Fig. 16—12a, the first two numbers are 5 and 6, respectively, 
for 56 as the first two digits in the numerical value of the capacitance. The third 
number, 3, indicates a multiplier of 1000, or 56 x 1000 = 56,000 pF. The letter J 
indicates a capacitor tolerance of +5%. 

In Fig. 16—12b, the first two numbers are 4 and 7, respectively, for 47 as the 
first two digits in the numerical value of the capacitance. The third number, 9, 
indicates a fractional multiplier of 0.1, or 47 x 0.1 = 4.7 pF. The letter C 
indicates a capacitor tolerance of +0.25 pF. 


Ceramic Disk Capacitors 


Figure 16—13 shows how most ceramic disk capacitors are marked to indicate their 
capacitance. As you can see, the capacitance is expressed either as a whole number 
or as a decimal fraction. The type of coding system used depends on the manufac- 
turer. Ceramic disk capacitors are often used for coupling and bypassing AC signals, 
where it is allowable to have a wide or lopsided tolerance. 


Example 16-8 


In Fig. 16-14, determine (a) the capacitance value and tolerance; (b) the temperature-range identification information. 


ANSWER (a) Since the capacitance is expressed as a decimal fraction, its value is in microfarads. In this case, C = 0.047 pF. 
The letter Z, to the right of 0.047, indicates a capacitor tolerance of +80%, —20%. Notice that the actual capacitance value can 
be as much as 80% above its coded value but only 20% below its coded value. 
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Figure 16-13 Ceramic disk capacitor coding system. 
Ceramic Disk Capacitors 


Manufacturer's 
code 
Capacity 
value 
Tolerance 
“Working 
voltage 


Temperature 
range 


*If no voltage marked, 
generally 500 Vac 


Typical Ceramic Disk Capacitor Markings 


= 


5 F 1 (0) (0) 


Max. 
Capacitance 
High | Numerical | Change over} Letter 
Temp. Temp. Range | Symbol 
€ 


+45° +1.0%, 
+65°C +1.5%, 
+85°C +1.1%, 
+105°C ESA 
+125°C +4.7%, 
+7.5%, 
+10.0% 
+15.0% 
+22.0% 
+22%, -33% 
+22%, -56% 
+22%, -82% 


— 


1st & 2nd 
Fig. of Numerical] Tolerance on | Letter 
Capacitance Capacitance | Symbol 


+5% 


+10% 

+20% 
+100%, -0% 
+80%, -20% 


Capacity Value and Tolerance of 
Ceramic Disk Capacitors 


A 
B 
C 
D 
Ẹ 
F 
P 
R 
S 
T 
U 
vV 


Temperature Range Identification of 
Ceramic Disk Capacitors 


Figure 16-14 Ceramic disk capacitor 


for E le 16-8. 
aaa (b) The alphanumeric code, Z5V, printed below the capacitance value, provides 


additional capacitor information. Referring to Fig. 16-13, note that the letter Z and 
number 5 indicate the low and high temperatures of +10°C and +85°C, 
respectively. The letter V indicates that the maximum capacitance change over the 
specified temperature range (+10°C to +85°C) is +22%, —82%. For temperature 
changes less than the range indicated, the percent change in capacitance will be 
less than that indicated. 


Chip Capacitors 


Before determining the capacitance value of a chip capacitor, make sure it is a 
capacitor and not a resistor. Chip capacitors have the following identifiable 
features: 


1. The body is one solid color, such as off-white, beige, gray, tan, or brown. 
2. The end electrodes completely enclose the end of the part. 
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Figure 16-15 Chip capacitor coding system. 


Value (33 Value Symbols)—Uppercase and Lowercase Letters Multiplier 


= 110) 
1=x10 
2=x 100 


3 =x 1,000 

4 = x 10,000 
5 = x 100,000 
cic 


= 2.2 x 1000 
= 2200 pF 
Multiplier (0—9) 


Value (1st and 2nd capacitance digits) 


Three popular coding systems are used by manufacturers of chip capacitors. In 
all three systems, the values represented are in picofarads. One system, shown in 
Fig. 16-15, uses a two-place system in which a letter indicates the first and second 
digits of the capacitance value and a number indicates the multiplier (0 to 9). Thirty- 
three symbols are used to represent the two significant figures. The symbols used 
include 24 uppercase letters and 9 lowercase letters. In Fig. 16-15, note that J3 
represents 2200 pF. 

Another system, shown in Fig. 16-16, also uses two places. In this case, how- 
ever, values below 100 pF are indicated using two numbers from which the capaci- 
tance value is read directly. Values above 100 pF are indicated by a letter and a 
number as before. In this system, only 24 uppercase letters are used. Also note that 
the alphanumeric codes in this system are 10 times higher than those in the system 
shown in Fig. 16-15. 

Figure 16-17 shows yet another system, in which a single letter or number is 
used to designate the first two digits in the capacitance value. The multiplier is 
determined by the color of the letter. In the example shown, an orange-colored 
W represents a capacitance C of 4.7 pF. 


Figure 16-16 Chip capacitor coding system. 


Alternate Two-Place Code 
- Values below 100 pF—Value read directly - Values 100 pF and above—Letter/number code 


= 33 x 1000 
= a 10 = 33000 pF 
=100 p = 0.033 uF 
=5pF = 82 pF 
Multiplier (1-9) 


Value (1st and 2nd significant digits) 


Value (24 Value Symbols)—Uppercase Letters Only Multiplier 


1=x10 
2=x 100 


3= 1000 
4 = x 10,000 
5 = x 100,000 etc. 
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Figure 16-17 Chip capacitor coding system. 


Standard Single-Place Code 
Orange 


=47 x 1.0 = 4.7 pF 
Examples: R (Green) = 3.3 x 100 = 330 pF 
7 (Blue) = 8.2 x 1000 = 8200 pF 
Color multiplier 
Symbol value 


Multiplier 
Value (24 Value Symbols)—Uppercase Letters and Numerals (Color) 


Orange = x 1.0 
Black = x 10 
Green = x 100 
Blue = x 1,000 
Violet = x 10,000 
Red = x 100,000 


Note that other coding systems are used for chip capacitors; these systems are 
not covered here. However, the three coding systems shown in this section are 
the most common systems presently in use. Also note that some chip capacitors 
found on printed-circuit boards are not marked or coded. When this is the case, 
the only way to determine the capacitance value is to check it with a capacitance 
tester. 


Tantalum Capacitors 


Tantalum capacitors are frequently coded to indicate their capacitance in picofarads. 
Figure 16—18 shows how to interpret this system. 


Figure 16-18 Tantalum capacitor coding system. 


Dipped Tantalum Capacitors 


Capacitance in Capacitance 
Picofarads tolerance 


20%—No dot 
Rated Ist 2nd 10%—Silver dot 
Color Voltage Figure Figure Multiplier 5%—Gold dot ‘st figure 
Black 4 (0) o = Voltage —>| 2nd figure 
and A Multiplier 
Brown 6 1 1 — polarity 
Red 10 2 2 — 
Orange 15 3 iS = 
Yellow 20 4 4 10,000 
Green 25 5 5 100,000 
Blue 35 6 6 1,000,000 
Violet 50 a 7 10,000,000 
Gray = 8 8 — 
White 3 9 9 — 
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Figure 16-19 Tantalum capacitor for 


Example 16-10. 


7 Silver 


Yellow 


Blue š Violet 


Blue 


Figure 16-20 Capacitances in parallel. 


Capacitance 


Example 16-9 


For the tantalum capacitor shown in Fig. 16-19, determine the capacitance C in 
both pF and „F units. Also, determine the voltage rating and tolerance. 


ANSWER Moving from top to bottom, the first two color bands are yellow 
and violet, which represent the digits 4 and 7, respectively. The third color band 
is blue, indicating a multiplier of 1,000,000. Therefore the capacitance C is 

47 x 1,000,000 = 47,000,000 pF, or 47 uF. The blue color at the left indicates a 
voltage rating of 35 V. And, finally, the silver dot at the very top indicates a 
tolerance of +10%. 


E 76-6 Self-Review 
Answers at the end of the chapter. 


a. A ceramic disk capacitor that is marked .01 has a capacitance of 
0.01 pF. (True/False) 

b. A film capacitor that is marked 224 has a capacitance of 220,000 pF. 
(True/False) 

c. A chip capacitor has a green letter E marked on it. Its capacitance is 
150 pF. (True/False) 

d. A ceramic disk capacitor is marked .001P. Its tolerance is +100%, 
—0%. (True/False) 


16-7 Parallel Capacitances 


Connecting capacitances in parallel is equivalent to adding the plate areas. There- 
fore, the total capacitance is the sum of the individual capacitances. As illustrated in 
Fig. 16-20, 


Cp=C, + C, +: +ete. (16-5) 


A 10-uF capacitor in parallel with a 5-wF capacitor, for example, provides a 
15-yF capacitance for the parallel combination. The voltage is the same across the 
parallel capacitors. Note that adding parallel capacitances is opposite to inductances 
in parallel and resistances in parallel. 


E 16-7 Self-Review 
Answers at the end of the chapter. 


a. How much is C, for 0.01 „F in parallel with 0.02 „F? 
b. What C must be connected in parallel with 100 pF to make C, 250 pF? 


16-8 Series Capacitances 


Connecting capacitances in series is equivalent to increasing the thickness of the 
dielectric. Therefore, the combined capacitance is less than the smallest individual 
value. As shown in Fig. 16-21, the combined equivalent capacitance is calculated 
by the reciprocal formula: 


515 


GOOD TO KNOW 


For two capacitors, C, and C, in 
series, the individual capacitor 
voltages can be calculated using 


the following equations: 


G 
VST aV: 
V= G x V. 
o CE 
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Figure 16-21 Capacitances in series. 


1 uF 1 1 
Lre 
Vr=1000 V CG C 
CG Cro= 05 pF 


1 
1 1 1 
ctotat tee 
Any of the shortcut calculations for the reciprocal formula apply. For example, 
the combined capacitance of two equal capacitances of 10 wF in series is 5 pF. 
Capacitors are used in series to provide a higher working voltage rating for the 
combination. For instance, each of three equal capacitances in series has one-third 


the applied voltage. 


Cro = 


(16-6) 


Division of Voltage across Unequal Capacitances 


In series, the voltage across each C is inversely proportional to its capacitance, as 
illustrated in Fig. 16-22. The smaller capacitance has the larger proportion of the 
applied voltage. The reason is that the series capacitances all have the same charge 
because they are in one current path. With equal charge, a smaller capacitance has a 
greater potential difference. 

We can consider the amount of charge in the series capacitors in Fig. 16-22. Let 
the charging current be 600 „A flowing for 1 s. The charge Q equals J x t or 
600 uC. Both C, and C, have Q equal to 600 uC because they are in the same series 
path for charging current. 

Although the charge is the same in C, and C,, they have different voltages because 
of different capacitance values. For each capacitor, V= Q/C. For the two capacitors 
in Fig. 16-22, then, 


_ 2 600 pC _ 
Vi G>T gp = 600V 
_ Q 600uC _ 
V.= = Zp = 300V 


Charging Current for Series Capacitances 


The charging current is the same in all parts of the series path, including the junction 
between C, and C,, even though this point is separated from the source voltage by 
two insulators. At the junction, the current is the result of electrons repelled by the 
negative plate of C, and attracted by the positive plate of C,. The amount of current 


Figure 16-22 With series capacitors, the smaller C has more voltage for the same charge. 
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Capacitance 


in the circuit is determined by the equivalent capacitance of C, and C, in series. In 
Fig. 16-22, the equivalent capacitance is % pF. 


E 76-8 Self-Review 


Answers at the end of the chapter. 


a. How much is C,, for two 0.2-uF capacitors in series? 
. With 50 V applied across both, how much is V, across each capacitor? 
c. How much is Cpg for 100 pF in series with 50 pF? 


16-9 Energy Stored in Electrostatic 
Field of Capacitance 


The electrostatic field of the charge stored in a dielectric has electric energy sup- 
plied by the voltage source that charges C. This energy is stored in the dielectric. 
The proof is the fact that the capacitance can produce discharge current when the 
voltage source is removed. The electric energy stored is 


Energy = & = % CV (joules) (16-7) 


where C is the capacitance in farads, V is the voltage across the capacitor, and @ is 
the electric energy in joules. For example, a 1-uF capacitor charged to 400 V has 
stored energy equal to 

1x 10°x (4x 10°) 


6=”%CV= 7 
-6 4 
_ 1x10 x (16 X10") _ gy 102 
2 
= 0.08 J 


This 0.08 J of energy is supplied by the voltage source that charges the capacitor 
to 400 V. When the charging circuit is opened, the stored energy remains as charge 
in the dielectric. With a closed path provided for discharge, the entire 0.08 J is avail- 
able to produce discharge current. As the capacitor discharges, the energy is used in 
producing discharge current. When the capacitor is completely discharged, the 
stored energy is zero. 

The stored energy is the reason that a charged capacitor can produce an electric 
shock, even when not connected in a circuit. When you touch the two leads of the 
charged capacitor, its voltage produces discharge current through your body. Stored 
energy greater than | J can be dangerous from a capacitor charged to a voltage high 
enough to produce an electric shock. 


Example 16-10 


The high-voltage circuit for a color picture tube can have 30 kV across 500 pF 
of C. Calculate the stored energy. 


ANSWER 
12 3)2 
g= u CV? = 200% 10 —_ 103) 
= 250 x 10°? x 900 x 10° 
= 225 x 10° 
= 0.225 J 
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E 76-9 Self-Review 


Answers at the end of the chapter. 


a. The stored energy in C increases with more V. (True/False) 
b. The stored energy decreases with less C. (True/False) 


16-10 Measuring and Testing 
Capacitors 


A capacitance meter is a piece of test equipment specifically designed to measure 
the capacitance value of capacitors. Although capacitance meters can be purchased 
as stand-alone units, many handheld and benchtop digital multimeters (DMMs) 
are capable of measuring a wide range of capacitance values. For example, the 
benchtop DMM shown in Fig. 16-23 has five capacitance ranges: 2 nF, 20 nF, 
200 nF, 2000 nF, and 20 uF. To measure the value of a capacitor using this meter, 
insert the leads of the capacitor into the capacitance socket, labeled CX, located in 
the upper right-hand corner of the meter. Next, depress the CX (capacitance) but- 
ton and select the desired capacitance range. The meter will display the measured 
capacitance value. For best accuracy, always select the lowest range setting that 
still displays the measured capacitance value. Note that the polarity markings next 
to the capacitance socket need to be observed when electrolytic capacitors are 
inserted. For nonelectrolytic capacitors, lead polarity does not matter. Before 
inserting any capacitor in the socket, it must be fully discharged to avoid damage 
to the meter. 

Recall from Section 16-6 that capacitors are always coded in either micro- 
farad or picofarad units but never in nanofarad units. Although this is standard 
industry practice, you will nevertheless encounter the nanofarad unit of capaci- 
tance when you use meters capable of measuring capacitance, such as that 
shown in Fig. 16-23. Therefore, it is important to know how to convert between 
the nanofarad unit and either microfarad or picofarad units. To convert from 
nanofarad units to picofarad units, simply move the decimal point three places 
to the right. For example, 33 nF = 33 x 10-° F = 33,000 x 10-7! F = 33,000 pF. 
To convert from nanofarads to microfarads, move the decimal point three places 
to the left. For another example, 470 nF = 470 x 10” F = 0.47 x 10% F = 0.47 uF. 
When using meters having nanofarad capacitance ranges, you will need to make 
these conversions to compare the measured value of capacitance with the coded 
value. 


Figure 16-23 Typical DMM with capacitance measurement capability. 
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MCM Electronics 
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Figure 16-24 Leakage resistance R, of 


a capacitor. 


R¢ 


(leakage 
resistance) 


Figure 16-25  Capacitor-inductor 
analyzer. 
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Sencore, Inc. 


Example 16-11 


Suppose a film capacitor, coded 393J, is being measured using the meter shown 
in Fig. 16-23. If the meter reads 37.6 on the 200-nF range, (a) What is the 
capacitance value in picofarad units? (b) Is the measured capacitance value 
within its specified tolerance? 


ANSWER The capacitor code, 393J, corresponds to a capacitance value of 
39,000 pF +5%. (a) A reading of 37.6 on the 200-nF range corresponds to a 
capacitance of 37.6 nF. To convert 37.6 nF to picofarad units, move the decimal 
point three places to the right. This gives an answer of 37,600 pF. (b) The 
acceptable capacitance range is calculated as follows: 39,000 pF x 0.05 = 
+1950 pF. Therefore, the measured value of capacitance can range anywhere 
from 37,050 pF to 40,950 pF and still be considered within tolerance. Note that 
in nanofarad units, this corresponds to a range of 37.05 to 40.95 nF. Since the 
measured value of 37.6 nF falls within this range, the measured capacitance 
value is within tolerance. 


Leakage Resistance of a Capacitor 


Consider a capacitor charged by a DC voltage source. After the charging voltage 
is removed, a perfect capacitor would hold its charge indefinitely. Because there is 
no such thing as a perfect insulator, however, the charge stored in the capacitor 
will eventually leak or bleed off, thus neutralizing the capacitor. There are three 
leakage paths through which the capacitor might discharge: (1) leakage through 
the dielectric, (2) leakage across the insulated case or body between the capacitor 
leads, and (3) leakage through the air surrounding the capacitor. For paper, film, 
mica, and ceramic, the leakage current is very slight, or inversely, the leakage 
resistance is very high. The combination of all leakage paths can be represented 
as a single parallel resistance R, across the capacitor plates, as shown in Fig. 
16-24. For paper, film, mica, and ceramic capacitors, the leakage resistance R, is 
typically 100,000 MQ or more. The leakage resistance is much less for larger 
capacitors such as electrolytics, however, with a typical value of R, ranging from 
about 500 kQ up to 10 MQ. In general, the larger the capacitance of a capacitor, 
the lower its leakage resistance. Note that the leakage current in capacitors is 
fairly temperature-sensitive. The higher the temperature, the greater the leakage 
current (because of lower leakage resistance). 

The leakage resistance of a capacitor can be measured with a DMM or an analog 
ohmmeter, but this is not the best way to test a capacitor for leakage. The best way 
is to measure the leakage current in the capacitor while the rated working voltage is 
applied across the capacitor plates. A capacitor is much more likely to show leakage 
when the dielectric is under stress from the applied voltage. In fact, a capacitor may 
not show any leakage at all until the dielectric is under stress from the applied volt- 
age. To measure the value of a capacitor and test it for leakage, technicians often use 
a capacitor-inductor analyzer like that shown in Fig. 16-25. This analyzer allows the 
user to apply the rated working voltage to the capacitor while testing for leakage. 
The amount of leakage acceptable depends on the type of capacitor. Most nonpolar- 
ized capacitors should have no leakage at all, whereas electrolytics will almost 
always show some. Pull-out charts showing the maximum allowable leakage for the 
most common electrolytic capacitors are usually provided with a capacitor-inductor 
analyzer. 


519 


520 


Dielectric Absorption 


Dielectric absorption is the inability of a capacitor to completely discharge to zero. 
It is sometimes referred to as battery action or capacitor memory and is due to the 
dielectric of the capacitor retaining a charge after it is supposedly discharged. The 
effect of dielectric absorption is that it reduces the capacitance value of the capaci- 
tor. All capacitors have at least some dielectric absorption, but electrolytics have the 
highest amount. Dielectric absorption has an undesirable effect on circuit operation 
if it becomes excessive. The dielectric absorption of a capacitor can be checked 
using the capacitor-inductor analyzer in Fig. 16—25. Note that there is no way to test 
for dielectric absorption with an ohmmeter. 


Equivalent Series Resistance (ESR) 


With AC voltage applied to a capacitor, the continuous charge, discharge, and 
reverse charging action cannot be followed instantaneously in the dielectric. This 
corresponds to hysteresis in magnetic materials. With a high-frequency charging 
voltage applied to the capacitor, there may be a difference between the amount of 
AC voltage applied to the capacitor and the actual AC voltage across the dielectric. 
The difference, or loss, can be attributed to the effects of hysteresis in the dielectric. 
As you might expect, dielectric hysteresis losses increase with frequency. 

All losses in a capacitor can be represented as a resistor either in series or in 
parallel with an ideal capacitor. For example, the losses from dielectric hysteresis 
can be represented as a single resistor in series with the capacitor as shown in Fig. 
16—26a. The other resistor shown in series with the capacitor represents the resis- 
tance of the capacitor leads and plates. It also includes any resistance at the point 
where the capacitor leads are bonded to the metal plates. As before, the leakage 
resistance R, is shown directly in parallel with the capacitor. Collectively, the resis- 
tances shown in Fig. 16—26a can be lumped into one equivalent series resistance 
(ESR) as shown in Fig. 16—26b. This is an accurate and convenient way to represent 
all losses in a capacitor. Ideally, the ESR of a capacitor should be zero. For paper, 
film, ceramic, and mica capacitors, the ESR value is approximately zero. For elec- 
trolytics, however, the ESR may be several ohms or more depending on the way they 
are constructed. Note that ESR is most often a problem in capacitors used in high- 
frequency filtering applications. For example, most computers use switching power 
supplies to power the computer. These power supplies require capacitors for filter- 
ing high frequencies. In these applications, a high ESR interferes with the normal 


Figure 16-26 Resistances representing losses in a capacitor. (a) Series and parallel 
resistance represents capacitor losses. (b) Equivalent series resistance (ESR) represents 
the total losses in a capacitor. 


Re (leakage resistance) 


Plate and lead resistance Dielectric hysteresis losses 


C ESR 


Chapter 16 


Figure 16-27 Checking a capacitor 
with an ohmmeter. The R scale is shown 
right to left, as on a VOM. Use the highest 
ohms range. (a) Capacitor action as needle 
is moved by the charging current from the 
battery in the ohmmeter. (b) Practically 
infinite leakage resistance reading after 
the capacitor has been charged. 


Capacitance 


filtering action of the capacitor and therefore causes improper circuit operation. In 
some cases, the power dissipated by the ESR may cause the capacitor to overheat. 

The ESR of a capacitor cannot be checked with an ohmmeter because the ESR is 
in series with the very high resistance of the dielectric. To check a capacitor for 
ESR, you must use a capacitor-inductor analyzer like that shown in Fig. 16-25. Pull- 
out charts showing the maximum allowable ESR for different types of capacitors are 
usually provided with the analyzer. 


E 76-10 Self-Review 


Answers at the end of the chapter. 


a. A 150-nF capacitor is the same as a 0.15-F capacitor. (True/False) 

b. Itis best to test a capacitor for leakage with the rated working 
voltage applied. (True/False) 

c. Ideally, the ESR of an electrolytic capacitor should be infinite. 
(True/False) 

d. Dielectric absorption in a capacitor can be detected with an 
ohmmeter. (True/False) 


16-11 Troubles in Capacitors 


Capacitors can become open or short-circuited. In either case, the capacitor is use- 
less because it cannot store charge. A leaky capacitor is equivalent to a partial short 
circuit where the dielectric gradually loses its insulating properties under the stress 
of applied voltage, thus lowering its resistance. A good capacitor has very high 
resistance of the order of several megohms; a short-circuited capacitor has zero 
ohms resistance, or continuity; the resistance of a leaky capacitor is lower than nor- 
mal. Capacitor-inductor analyzers, like that shown in Fig. 16-25, should be used to 
test a capacitor. However, if a capacitor-inductor analyzer is not available, an ohm- 
meter (preferably analog) may be able to identify the problem. What follows is a 
general procedure for testing capacitors using an analog ohmmeter. 


Checking Capacitors with an Ohmmeter 


A capacitor usually can be checked with an ohmmeter. The highest ohm range, such 
as R x 1 MQ is preferable. Also, disconnect one side of the capacitor from the cir- 
cuit to eliminate any parallel resistance paths that can lower the resistance. Keep 
your fingers off the connections, since body resistance lowers the reading. 

As shown in Fig. 16-27, the ohmmeter leads are connected across the capaci- 
tor. For a good capacitor, the meter pointer moves quickly toward the low- 
resistance side of the scale and then slowly recedes toward infinity. When the 
pointer stops moving, the reading is the dielectric resistance of the capacitor, 
which is normally very high. For paper, film, mica, and ceramic capacitors, the 
resistance is usually so high that the needle of the meter rests on the infinity mark 
(co). However, electrolytic capacitors will usually measure a much lower resis- 
tance of about 500 kQ to 10 MQ. In all cases, discharge the capacitor before 
checking with the ohmmeter. 

When the ohmmeter is initially connected, its battery charges the capacitor. This 
charging current is the reason the meter pointer moves away from infinity, since 
more current through the ohmmeter means less resistance. Maximum current flows 
at the first instant of charge. Then the charging current decreases as the capacitor 
voltage increases toward the applied voltage; therefore, the needle pointer slowly 
moves toward infinite resistance. Finally, the capacitor is completely charged to the 
ohmmeter battery voltage, the charging current is zero, and the ohmmeter reads 
just the small leakage current through the dielectric. This charging effect, called 
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capacitor action, shows that the capacitor can store charge, indicating a normal 
capacitor. Note that both the rise and the fall of the meter readings are caused by 
charging. The capacitor discharges when the meter leads are reversed. 


Ohmmeter Readings 
Troubles in a capacitor are indicated as follows: 


1. If an ohmmeter reading immediately goes practically to zero and stays 
there, the capacitor is short-circuited. 

2. Ifa capacitor shows charging, but the final resistance reading is 
appreciably less than normal, the capacitor is leaky. Such capacitors 
are particularly troublesome in high-resistance circuits. When checking 
electrolytics, reverse the ohmmeter leads and take the higher of the two 
readings. 

3. Ifa capacitor shows no charging action but reads very high resistance, 
it may be open. Some precautions must be remembered, however, 
since very high resistance is a normal condition for capacitors. Reverse 
the ohmmeter leads to discharge the capacitor, and check it again. In 
addition, remember that capacitance values of 100 pF, or less, normally 
have very little charging current for the low battery voltage of the 
ohmmeter. 


Short-Circuited Capacitors 


In normal service, capacitors can become short-circuited because the dielectric 
deteriorates with age, usually over a period of years under the stress of charging 
voltage, especially at higher temperatures. This effect is more common with paper 
and electrolytic capacitors. The capacitor may become leaky gradually, indicating a 
partial short circuit, or the dielectric may be punctured, causing a short circuit. 


Open Capacitors 


In addition to the possibility of an open connection in any type of capacitor, electro- 
lytics develop high resistance in the electrolyte with age, particularly at high tem- 
peratures. After service of a few years, if the electrolyte dries up, the capacitor will 
be partially open. Much of the capacitor action is gone, and the capacitor should be 
replaced. 


Leaky Capacitors 


A leaky capacitor reads R less than normal with an ohmmeter. However, DC voltage 
tests are more definite. In a circuit, the DC voltage at one terminal of the capacitor 
should not affect the DC voltage at the other terminal. 


Shelf Life 


Except for electrolytics, capacitors do not deteriorate with age while stored, since 
there is no applied voltage. Electrolytic capacitors, however, like dry cells, should be 
used fresh from the manufacturer because the wet electrolyte may dry out over a 
period of time. 


Capacitor Value Change 


All capacitors can change value over time, but some are more prone to change than 
others. Ceramic capacitors often change value by 10 to 15% during the first year, as 
the ceramic material relaxes. Electrolytics change value from simply sitting because 
the electrolytic solution dries out. 
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Replacing Capacitors 


Approximately the same C and V ratings should be used when installing a new 
capacitor. Except for tuning capacitors, the C value is usually not critical. Also, a 
higher voltage rating can be used. An important exception, however, is the electro- 
lytic capacitor. Then the ratings should be close to the original values for two rea- 
sons. First, the specified voltage is needed to form the internal oxide film that 
provides the required capacitance. Also, too much C may allow excessive charging 
current in the circuit that charges the capacitor. Remember that electrolytics gener- 
ally have large values of capacitance. 


E 76-11 Self-Review 


Answers at the end of the chapter. 


a. What is the ohmmeter reading for a shorted capacitor? 

b. Does capacitor action with an ohmmeter show that the capacitor is 
good or bad? 

c. Which type of capacitor is more likely to develop trouble, a mica or 
an electrolytic? 
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Application in Understanding Supercapacitors 


Supercapacitors, also called ultracapacitors, have capacitance 
values ranging from a fraction of a farad to several thousand 
farads. This is significantly more capacitance than an electrolytic 
capacitor is capable of providing. Because they have such large 
capacitance values, supercapacitors can store enormous 
amounts of electric charge and energy. 

As you recall, a conventional capacitor consists of two metal 
plates separated by an insulator. The capacitance value is 
dependent on the area (A) of the plates, the distance (d) between 
the plates, and the dielectric constant (K,) of the insulator. To 
increase the capacitance, C, it is necessary to increase the area of 
the plates, reduce the distance between the plates, and use an 
insulator with a high dielectric constant. But there are physical 
limitations with these three factors when trying to construct a 
capacitor with an extremely high value of capacitance. The 
construction of a supercapacitor is shown in Fig. 16-28. It consists 
of two metal plates coated with a highly porous carbon material 
that provides a huge surface area. These plates are immersed in a 
liquid electrolyte material that is highly ionized with both positive 
and negative ions. A separator between the plates isolates the 


charges on each plate. This construction gives the supercapacitor 

its alternate name: electrochemical double-layer capacitor (EDLC). 
When a voltage is applied to the capacitor plates, the positive 

plate attracts negative ions from the electrolyte. At the same time, 


the negative plate attracts positive ions from the electrolyte. This 
produces two separately charged surfaces on either side of the 
separator, which is the equivalent of two capacitors in series. 


The charges on each plate are separated by a distance that is only 
the size of the ions in the electrolyte. This amounts to a plate 
separation of only a few angstroms. (Note: one angstrom equals 
1 x 107'° meters.) The extremely large surface area of the plates 
and the close spacing between them produces an extremely large 
value of capacitance. The only drawback to this construction is the 
very low breakdown voltage rating of the capacitor. A typical 
breakdown voltage rating is about 2.7 V. To increase the breakdown 


voltage rating, individual capacitors are connected in series with 


Figure 16-28 Construction of a supercapacitor. 
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one another. This has the disadvantage, however, of reducing the 
overall capacitance. Also, a string of more than three series- 
connected capacitors requires voltage balancing to prevent any 
individual cell from having too much voltage. 

Supercapacitors store the most energy per unit volume or 
mass (energy density) of all capacitor types. As a result, 
supercapacitors bridge the gap between conventional capacitors 
and rechargeable batteries. They are ideal for applications 
involving frequent charge and discharge cycles where large 
amounts of current are supplied to a load for a short duration of 
time. It is important to note that supercapacitors are polarized 
and must therefore be connected with the proper polarity. 


SUPERCAPACITOR APPLICATIONS 


Supercapacitors store energy until it is needed. In many cases, they 
are used in conjunction with a battery to supply short-duration 
pulses of power. In some cases, they are used for backup power. It is 
common for a supercapacitor to be connected in parallel with a 
battery. In this case, the battery will charge the capacitor until the 
battery voltage and supercapacitor voltage are the same. If a load is 
the 
the supercapacitor. However, if the load suddenly 
requires a large value of current for a very short duration of time, 


connected across the two, current will be drawn from both 
battery and 


the supercapacitor will supply that current rather than the battery. 
This is because batteries have peak current limits, which are a 
function of their built-in internal resistance, r,. The supercapacitor 
has an extremely low internal resistance, rs and is therefore able to 


supply the required amount of current during this short duration of 


time. As an example, supercapacitors are often used in conjunction 
with high-power car audio systems. When the high amplitude bass 
notes demand extremely high values of current, the battery alone 
cannot supply the required current. The supercapacitor, however, 
can easily supply the required high-amplitude current. It should be 


noted that the supercapacitor is located as close as possible to 
the DC input terminals of the amplifier. Another application of 
supercapacitors is in low-power consumer products. In this case, the 
supercapacitor provides voltage to a circuit or circuits if the battery 
dies or is being replaced. Examples are products with memories 
that may be erased or clocks that will lose their time setting if power 
is lost. Figure 


6-29 shows two different supercapacitors used in 


conjunction with high-power car audio systems. 


Figure 16-29 Supercapacitors used with high-power car audio 
systems. 
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Summary 


A capacitor consists of two metal plates separated by an insulator, or dielectric. Its ability to store charge is the capacitance C. 


Applying voltage to store charge is called charging the capacitor; short-circuiting the two leads or terminals of the capacitor to 


neutralize the charge is called discharging the capacitor. Schematic symbols for C are summarized in Fig. 16—30. 


Figure 16-30 Schematic symbols for types of C. (a) Fixed type with air, paper, plastic film, mica, or ceramic dielectric. (b) Electrolytic 
type, which has polarity. (c) Variable. (d) Ganged variable capacitors on one shaft. 


(a) 


The unit of capacitance is the farad. 
One farad of capacitance stores one 
coulomb of charge with one volt 
applied. Practical capacitors have 
much smaller capacitance values 
from 1 pF to 1000 pF. A capacitance 
of 1 pFis1x 10° F;1uF=1x 
10 F;and 1 nF=1xX 107° F. 

Q = CV, where Q is the charge in 
coulombs, C the capacitance in 
farads, and Vis the potential 
difference across the capacitor 

in volts. 


Capacitance increases with larger 
plate area and less distance 
between plates. 


The ratio of charge stored in different 
insulators to the charge stored in air 


Important Terms 


Capacitance (C) — the ability of a 
dielectric to hold or store an electric 
charge. The more charge stored for a 
given voltage, the greater the 
capacitance. 


Capacitor — a component that can store 
electric charge. A capacitor consists 
of two metal plates separated by an 
insulator. Capacitors are named 
according to the type of dielectric 
used. Common capacitor types 
include air, ceramic, plastic film, mica, 
paper, and aluminum electrolytic. 


Charging — increasing the amount of 
charge stored in a capacitor. The 
accumulation of stored charge results 


Capacitance 


+ + 
or or 
pA 
tuning 
(b) (c) (a) 


is the dielectric constant Ke of the 
material. Air or vacuum has a 
dielectric constant of 1. 


The most common types of 
commercial capacitors are air, 
plastic film, paper, mica, ceramic, 
and electrolytic. Electrolytics are 
the only capacitors that require 
observing polarity when connecting 
to a circuit. The different types are 
compared in Table 16-2. 


Capacitors are coded to indicate 
their capacitance in either 
microfarads (uF) or picofarads (pF). 


For parallel capacitors, 
G=C4+G4+GQ+---+ete. 


in a buildup of voltage across the 
capacitor. 


Condenser — another (older) name for a 
capacitor. 


Dielectric absorption — the inability of 
a capacitor to discharge completely 
to zero. Dielectric absorption is 
sometimes called battery action or 
capacitor memory. 


Dielectric constant, Ke — a factor that 
indicates the ability of an insulator to 
concentrate electric flux, also known 
as relative permittivity, €,. 


Dielectric material — another name for 
an insulator. 


For series capacitors, 


pele 1 

Bede date oes diet 
a ar i eer e CLC. 
G G G 


The electric field of a capacitance 
has stored energy € ='⁄2CV?, 
where Vis in volts, Cis in farads, and 
electric energy is in joules. 


When checked with an analog 
ohmmeter, a good capacitor shows 
charging current, and then the 
ohmmeter reading steadies at the 
eakage resistance. All types except 
electrolytics normally have very 
high leakage resistance such as 
100,000 MQ or more. Electrolytics 
have more leakage current; a typical 
eakage resistance is about 500 kQ 
to 10 MQ. 


Dielectric strength — the ability of a 
dielectric to withstand a potential 
difference without internal arcing. 


Discharging — the action of neutralizing 
the charge stored in a capacitor by 
connecting a conducting path across 
the capacitor leads. 

Electric field — the invisible lines of force 
between opposite electric charges. 

Equivalent series resistance (ESR) — a 
resistance in series with an ideal 
capacitor that collectively represents 
all losses in a capacitor. Ideally, the 
ESR of a capacitor should be zero. 

Farad (F) unit — the basic unit of 


capacitance. 1 F = 


IC 
1V 
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Ganged capacitors — two or three 
capacitor sections on one common 
shaft that can be rotated. 


Leakage current — the current that 
flows through the dielectric of a 
capacitor when voltage is applied 
across the capacitor plates. 


Leakage resistance — a resistance 
in parallel with a capacitor that 


Related Formulas 


Q = CV coulombs 


_Q2 
c=y7 
s9 
vag 
C=Kex4 x 8.85 x 10-2 F 


Self-Test 


Answers at the back of the book. 


1. In general, a capacitor is a 
component that can 


a. pass a DC current. 
b. store an electric charge. 
c. act as a bar magnet. 


d. step up or step down an AC 
voltage. 


2. The basic unit of capacitance is the 
a. farad. 
b. henry. 
c. tesla. 


d.ohm. 


3. Which of the following factors affect 
the capacitance of a capacitor? 


a. the area, A, of the plates. 


b. the distance, d, between the plates. 


c. the type of dielectric used. 
d. all of the above. 


4. How much charge in coulombs is 
stored by a 50-uF capacitor with 
20 V across its plates? 


a. Q= 100 uC. 

b. Q= 2.5 uC. 

c.Q=1mC. 

d.Q=1 uC. 
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represents all leakage paths through 
which a capacitor can discharge. 


Microfarad (uF) — a small unit of 
capacitance equal to 1 x 10°° F. 

Nanofarad (nF) — a small unit of 
capacitance equal to 1 x 107’ F. 


Picofarad (pF) — a small unit of 
capacitance equal to 1 x 107!" F. 


Relative permittivity, €, — a factor that 
indicates the ability of an insulator to 
concentrate electric flux, also known 
as the dielectric constant, Ke. 


G= +G +--+ etc. (parallel capacitors) 


1 


Ss T 


(series capacitors) 


Etere res 


Energy = 6 ='/2CV? joules 


5. Acapacitor consists of 


a. two insulators separated by a 
conductor. 


b. a coil of wire wound on an iron 
core. 


c. two metal plates separated by an 
insulator. 


d. none of the above. 


6. Acapacitance of 82,000 pF is the 
same as 


a. 0.082 pF. 

b. 82 uF. 

c. 82 nF. 

d. both a and c. 


7. A 47-uF capacitor has a stored 
charge of 2.35 mC. What is 
the voltage across the capacitor 
plates? 


a. 50 V. 

b. 110V approx. 
c. 5V. 

d. 100 V. 


8. Which of the following types of 
capacitors typically has the highest 
leakage current? 


a. plastic-film. 


b. electrolytic. 


c. mica. 


d. air-variable. 


9. One of the main applications of a 
capacitor is to 


a. block AC and pass DC. 
b. block both DC and AC. 
c. block DC and pass AC. 
d. pass both DC and AC. 


10. When checked with an ohmmeter, 
a shorted capacitor will measure 


a. infinite ohms. 
b. zero ohms. 


c. somewhere in the range of 1 to 
10 MQ. 


d. none of the above. 


11. The equivalent capacitance, Czo» 
of a 10-uF and a 40-yF capacitor in 


series is 
a. 50 pF. 
b. 125 pF. 
c. 8 uF. 
d. 400 uF. 
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12. A 0.33-4F capacitor is in parallel 
with a 0.1 5-uF and a 220,000-pF 
capacitor. What is the total 
capacitance, C,? 


a. 0.7 uF. 
b. 0.007 pF. 
c. 0.07 uF. 
d. 7 nF. 


13. A 5-uF capacitor, C, and a 15-uF 
capacitor, C,, are connected in 
series. If the charge stored in G 
equals 90 uC, what is the voltage 
across the capacitor C,? 


a. 18V. 
b.12V. 
c. 9 V. 
d. 6V. 


14. A plastic-film capacitor, whose 
coded value is 333M, measures 
0.025 uF when tested with a 
capacitor-inductor analyzer. 
The measured capacitance is 


a. well within tolerance. 
b. barely within tolerance. 
c. slightly out of tolerance. 


d. right on the money. 


15. Capacitors are rarely coded in 
a. nanofarad units. 
b. microfarad units. 
c. picofarad units. 


d. both b and c. 


16. Which type of capacitor could 
explode if the polarity of voltage 
across its plates is incorrect? 


a. air-variable. 
b. mica. 


. ceramic disk. 


A 


d. aluminum electrolytic. 


Essay Questions 


1. Define capacitance with respect to physical structure and 4. 
electrical function. Explain how a two-wire conductor 


has capacitance. 


2. (a) What is meant by a dielectric material? (b) Name five 5. 


common dielectric materials. 


17. 


18. 


19. 


20. 


21 


The voltage rating of a capacitor is 
not affected by 


a. the area of the plates. 

b. the distance between the plates. 
c. the type of dielectric used. 

d. both b and c. 


The leakage resistance of a capacitor 
is typically represented as a(n) 


a. resistance in series with the 
capacitor plates. 


b. electric feld between the 
capacitor plates. 


c. resistance in parallel with the 
capacitor plates. 


d. closed switch across the dielectric 
material. 


A 2200-4F capacitor with a voltage 
rating of 35 V is most likely a(n) 


a. electrolytic capacitor. 
b. air-variable capacitor. 
c. mica capacitor. 


d. paper capacitor. 


A capacitor that can store 100 uC of 
charge with 10 V across its plates 
has a capacitance value of 


a. 0.01 pF. 
b. 10 uF. 
c. 10 nF. 
d. 100 mF. 


. Calculate the permissible 


capacitance range of a ceramic disk 
capacitor whose coded value is 


0.068Z. 

a. 0.0544 uF to 0.1224 uF. 
b. 0.0136 uF to 0.0816 uF. 
c. 0.0136 uF to 0.1224 pF. 
d. 0.0544 pF to 0.1224 pF. 


22. The equivalent series resistance 


(ESR) of a capacitor should ideally 
be 


a. infinite. 
b. as high as possible. 
c. around 100 kQ. 


d. zero. 


23. The charge and discharge current of 


24. 


25. 


a capacitor flows 
a. through the dielectric. 
b. to and from the capacitor plates. 


c. through the dielectric only until 
the capacitor is fully charged. 


d. straight through the dielectric 
from one plate to the other. 


Capacitance increases with 


a. larger plate area and greater 
distance between the plates. 


b. smaller plate area and greater 
distance between the plates. 


c. larger plate area and less distance 
between the plates. 


d. higher values of applied voltage. 


Two 0.02-uF, 500-V capacitors in 
series have an equivalent capacitance 
and breakdown voltage rating of 


a. 0.04 uF, 1 kV. 
b. 0.01 uF, 250 V. 
c. 0.01 uF, 500 V. 
d. 0.01 uF, 1 KV. 


Define 1 F of capacitance. Convert the following into 
farads using powers of 10: (a) 50 pF; (b) 0.001 uF; 


(c) 0.047 uF; (d) 0.01 uF; (e) 10 pF. 


State the effect on capacitance of (a) larger plate area; 


(b) thinner dielectric; (c) higher value of dielectric 


constant. 


3. Explain briefly how to charge a capacitor. How is a 


charged capacitor discharged? 


Capacitance 
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6. Drawa diagram showing the fewest number of 400-V, 
2-uF capacitors needed for a combination rated at 
800 V with 2-uF total capacitance. 


7. Suppose you are given two identical uncharged 
capacitors. One is charged to 50 V and connected 
across the other uncharged capacitor. Why will the 
voltage across both capacitors then be 25 V? 


8. Describe briefly how you would check a 0.05-"F 
capacitor with an ohmmeter. State the ohmmeter 
indications when the capacitor is good, short-circuited, 
or open. 


9. Define the following: (a) leakage resistance; (b) dielectric 
absorption; (c) equivalent series resistance. 


Problems 


SECTION 16-3 THE FARAD UNIT OF CAPACITANCE 


16-1 Calculate the amount of charge, Q, stored by a 
capacitor if 


a. C=10 pF and V=5V. 
b. C= 1 pF andV=25V. 
c. C= 0.01 uF and V= 150V. 
. C= 0.22 uF and V = 50V. 
. C= 680 pF and V = 200 V. 
f. C= 47 pF and V=3 kV. 


a 


oO 


16-2 How much charge, Q, is stored by a 0.05-yF capacitor 
if the voltage across the plates equals 


a. 10V? 
b. 40 V? 
c. 300V? 
d. 500 V? 
e. 1 kV? 


16-3 How much voltage exists across the plates of a 
200-F capacitor if a constant current of 5 mA 
charges it for 


a. 100 ms? 
b. 250 ms? 
0.5 s? 

. 28? 

e. 3s? 


p 


a 
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10. Give two comparisons between the electric field in a 


capacitor and the magnetic field in a coil. 

11. List three types of troubles in capacitors. 

12. When a capacitor discharges, why is its discharge 
current in the opposite direction from the charging 


current? 


13. Compare the features of aluminum and tantalum 
electrolytic capacitors. 


14. Why can plastic film be used instead of paper for 
capacitors? 


15. What two factors determine the breakdown voltage 
rating of a capacitor? 


16-4 Determine the voltage, V, across a capacitor if 
a. Q= 2.5 uC and C = 0.01 pF. 
b. Q = 49.5 nC and C = 330 pF. 
. Q=10 mCand C= 1,000 pF. 
. Q = 500 uC and C= 0.5 pF. 
. Q= 188 nC and C = 0.0047 pF. 
Q= 75 nC and C = 0.015 pF. 


m oO aA 


16-5 Determine the capacitance, C, of a capacitor if 
a. Q=15yCandV=1V. 
b. Q=15yC and V=30V. 

. Q= 100 øC and V=25 V. 

/.Q=3.3 "Cand V= 15V. 

e. Q=0.12 uC and V= 120V. 

f. Q=100 uC and V=2.5 kV. 


a” 


16-6 List the physical factors that affect the capacitance, C, 


of a capacitor. 


16-7 Calculate the capacitance, C, of a capacitor for each 


set of physical characteristics listed. 

a. A=0.1 cm’?,d=0.005 cm, K. = 1. 

b. A=0.05 cm’, d= 0.001 cm, Ke = 500. 
c. A=0.1 cm?,d=1 10° cm, kK. = 50. 
d. A=1cm’*,d=5x10-%cm,kK. =6. 
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SECTION 16-6 CAPACITOR CODING 
16-8 Determine the capacitance and tolerance of each of the capacitors shown in Fig. 16-31. 


Figure 16-31 
472M 103J 224K 2735 101J 
200 V 200 V 100 V 100 V 250 V 
(a) (b) (c) (a) (e) 
5695 104K 332M 680J 
100 V 250V 250 V 500 V 
(f) (9) (h) (i) 


16-9 Determine the capacitance and tolerance of each of the capacitors shown in Fig. 16-32. 


Figure 16-32 


(a) (b) (c) (a) (e) (f) 


Capacitance 529 


16-10 Determine the capacitance of each chip capacitor in 
Fig. 16-33. Use the coding scheme in Fig. 16-15. 


Figure 16-33 


(a) (b) (c) (a) 


16-11 Determine the capacitance of each chip capacitor in 
Fig. 16-34. Use the coding scheme in Fig. 16—16. 


Figure 16-34 


(a) (b) (c) (a) 


16-12 Determine the capacitance of each chip capacitor in 
Fig. 16-35. 


] Green 


(b) 


Figure 16-35 
i Blue i Black i Violet 
(a) (c) (d) 


16-13 Determine the capacitance and tolerance of each 
capacitor in Fig. 16-36. 


Figure 16-36 


Silver Gold 


| 


=<— Yellow Blue 


Violet Violet Orange Red 
Yellow Green 
(a) (b) 
Silver Gold 
Brown Gray 
Yellow Green Green Red 
«— Blue Violet 
(c) (d) 
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16-14 Determine the permissible capacitance range of the 
capacitors in 
a. Fig. 16—-31a. 
b. Fig. 16-31d. 
c. Fig. 16-317. 
d. Fig. 16—32c. 
e. Fig. 16—32d. 


16-15 Explain the alphanumeric code, Z5U, for the capacitor 
in Fig. 16—32b. 

SECTION 16-7 PARALLEL CAPACITANCES 

16-16 A 5-uF and 15-uF capacitor are in parallel. How much 
is Gy? 


16-17 A 0.1-uF, 0.27-uF, and 0.01-wF capacitor are in 
parallel. How much is ©? 


16-18 A 150-pF, 330-pF, and 0.001-F capacitor are in 
parallel. How much is Œ? 


16-19 In Fig. 16-37, 
a. how much voltage is across each individual capacitor? 
b. how much charge is stored by C,? 

. how much charge is stored by C,? 

. how much charge is stored by C,? 


. what is the total charge stored by all capacitors? 


7h @ Ge A 


how much is C,? 


Figure 16-37 


v, =10 V = om C= C3= 
220 uF 680 uF 


SECTION 16-8 SERIES CAPACITANCES 


16-20 A 0.1-uF and 0.4-uF capacitor are in series. How much 
is the equivalent capacitance, Ceo? 


16-21 A1500-pF and 0.001-yF capacitor are in series. How 
much is the equivalent capacitance, Cea? 


16-22 A0.082-yF, 0.047-yF, and 0.012 uF capacitor are in 
series. How much is the equivalent capacitance, Ceo? 


16-23 In Fig. 16-38, assume a charging current of 180 pA 
flows for 1 s. Solve for 


a. Ceo. 
b. the charge stored by G, G, and G. 


. the voltage across C,,C,, and CG. 


(a) 


Qa 


. the total charge stored by all capacitors. 
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Figure 16-38 
C,=10 uF 
+ 
Vr=36V C2=30 pF 
C3=15 uF 


16-24 In Fig. 16-39, assume a charging current of 2.4 mA 
flows for 1 ms. Solve for 


a Cig 
b. the charge stored by G, G, and G. 
c. the voltage across C,,C,, and G. 


d. the total charge stored by all capacitors. 


Figure 16-39 
C, = 0.04 uF 

+ 
V,=120V Co = 012 uF 
C3 = 0.06 uF 


16-25 How much capacitance must be connected in series 
with a 120-pF capacitor to obtain an equivalent 
capacitance, Cto» of 100 pF. 


Critical Thinking 


16-36 Three capacitors in series have a combined equivalent 
capacitance Cgo of 1.6 nF. If C = 4G and G = 20G, 
calculate the values for G, G, and G. 
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SECTION 16-9 ENERGY STORED IN ELECTROSTATIC 
FIELD OF CAPACITANCE 


16-26 How much energy is stored by a 100-F capacitor 
which is charged to 


a. 5V? 
b. 10 V? 
c. 50V? 


16-27 How much energy is stored by a 0.027-uF capacitor 
which is charged to 


a. 20 V? 
b. 100 V? 
c. 500 V? 


16-28 Calculate the energy stored by each capacitor in 
Fig. 16-38. 


SECTION 16-10 MEASURING AND TESTING 
CAPACITORS 
16-29 Make the following conversions: 

a. 0.047 uF to pF. 

b. 0.0015 uF to pF. 

c. 390,000 pF to uF. 

d. 1000 pF to pF. 


16-30 Make the following conversions: 
a. 15 nf to pF. 
b. 1 nF to pF. 
680 nF to pF. 
33,000 pF to nF. 
,000,000 pF to nF. 
560,000 pF to nF. 


> oO aa 


16-31 A plastic-film capacitor has a coded value of 154K. If 
the measured value of capacitance is 0.160 uF, is the 
capacitance value within tolerance? 


16-32 A ceramic disk capacitor is coded 102Z. If the 
measured value of capacitance is 680 pF, is the 
capacitance within tolerance? 


16-33 A plastic-film capacitor has a coded value of 229B. If 
the measured value of capacitance is 2.05 pF, is the 
capacitance within tolerance? 


SECTION 16-11 TROUBLES IN CAPACITORS 
16-34 What is the ohmmeter reading for a(n) 

a. shorted capacitor. 

b. open capacitor. 


c. leaky capacitor. 


16-35 Describe the effect of connecting a 0.47-uF capacitor 
to the leads of an analog ohmmeter set to the RX 10K 
range. 


16-37 A 100-pF ceramic capacitor has a temperature 
coefficient 7- of N500. Calculate its capacitance at 
(a) 75°C; (b) 125°C; (c) —25°C. 
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16-38 (a) Calculate the energy stored by a 100-#F capacitor 
charged to 100 V. (b) If this capacitor is now connected 
across another 100-uF capacitor that is uncharged, 
calculate the total energy stored by both capacitors. 


Answers to Self-Reviews 16-1 a. dielectric 
b. farad 
16-2 a. 14.5V 
b. OV 
c. yes 
16-3 a. 10 uF 
b. ceramic 
16-4 a. true 
b. false 
c. true 
d. true 
16-5 a. true 
b. true 
true 
16-6 a. false 
b. true 
c. true 
d. true 


Laboratory Application Assignment 


In this lab application assignment, you will examine the coding 
systems used to indicate the capacitance and tolerance of a 
capacitor. You will also measure the value of a capacitor using 
either a Z meter or a DMM capable of measuring capacitance 
values. And finally, you will examine how capacitance values 
combine when connected in series and in parallel. 


Equipment: Obtain the following items from your instructor. 


+ Assortment of plastic-film capacitors 
* Z meter or DMM capable of measuring capacitance values 


Measuring Capacitance 


Obtain five plastic-film capacitors from your instructor. Make 
sure each capacitor has a different coded value. In the space 
provided below, indicate the coded value of each capacitor. 
Next, indicate the capacitance (in pF) corresponding to the 
coded value, including the tolerance. Finally, measure and 
record each capacitance value using either a Z meter ora 
DMM capable of measuring capacitance values. (If a measured 
value is displayed in nF or uF, convert it to pF.) 

Coded Value 


Capacitance Value Measured Value 
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(©) Is the energy stored by both capacitors in part 
(b) less than the energy stored by the single capacitor 
in part (a)? If yes, where did the energy go? 


0.03 uF 
b. 150 pF 


a. 0.1 uF 
b. 25V 

c: 33:3 pF 
16-9 a. true 
b. true 
16-10 a. true 
. true 
false 
. false 


anro 


16-11 a. OQ 
b. good 


c. electrolytic 


Is the measured value of any capacitor out of tolerance? 
If so, which one(s)? 


Series Capacitors 


Connect a 0.1-uF capacitor in series with a 0.047-uF capacitor 
as shown in Fig. 16—40a. Calculate and record the equivalent 
capacitance, Cko, of this series combination. Ceo = 

Next, measure and record the equivalent capacitance, Ceo» 
across terminals A and B. Ceo = Add another 
0.022-F capacitor, as shown in Fig. 16—40b. Calculate and 
record the equivalent capacitance, Ceo, of this series 
combination. Ceg = Finally, measure and record 

the equivalent capacitance, Cko, across terminals A and B. 

Ca = 


Figure 16-40 


C, C 
ne {i —e2 
04 uF 0.047 uF 
(a) 
C, C, C: 
ne ji — 
01 uF 0.047 uF 0.022 uF 


(b) 
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Parallel Capacitors 


Connect a 0.1-uF capacitor in parallel with a 0.047-yF 
capacitor, as shown in Fig. 16—41a. Calculate and record the 
total capacitance, C,, of this parallel combination. CG, = 

Next, measure and record the total capacitance, C,, 
across terminals A and B.G = Add another 0.022-yF 
capacitor, as shown in Fig. 16—41 b. Calculate and record the 
total capacitance, C,, of this parallel combination. G = 

Finally, measure and record the total capacitance, 
C, across terminals A and B.C, = 


Do capacitors in series combine the same way as resistors in 
parallel? 


Do capacitors in parallel combine the same way as resistors 
in series? 


Capacitor Leakage 


Because there is no such thing as a perfect insulator, all 
capacitors have a small amount of current flowing through the 
dielectric. This current is called leakage current. For a good 
capacitor, this leakage current is usually insignificant and 

can therefore be ignored. Due to the very nature of their 
construction, electrolytic capacitors have a much higher 
leakage current than other types of capacitors. If a Z meter is 
available, have your instructor demonstrate how it can be used 
to measure the leakage current in a plastic-film and an 
electrolytic capacitor. When checking for leakage, be sure to 
apply the rated working voltage across the capacitor. Your 
instructor can also show you how to test the ESR value of a 
capacitor. 


Figure 16-41 


(a) 


Design credit Multisim: ©Stockbyte/Getty Images 


Capacitance 


G € 


A e 
0.047 uF 


3 
0.022 uF 
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Capacitive 
Reactance 


hen a capacitor charges and discharges with a varying voltage applied, 

alternating current can flow. Although there cannot be any current through 
the dielectric of the capacitor, its charge and discharge current flows to and from the 
plates. If a sine-wave alternating voltage is applied across the capacitor, the amount 
of current, |, that flows depends on its capacitive reactance. The symbol for 
capacitive reactance is X¿, and its unit is the ohm. The X in X, indicates reactance, 
whereas the subscript C specifies capacitive reactance. 


The amount of X, is a V/I ratio, but it can also be calculated as X. = 1/(2”fC). With 
the frequency, fin hertz (Hz), and the capacitance, C in farads (F), X¿ is in units of 
ohms. The reciprocal relation in 1/(2zfC) means that X, decreases for higher 
frequencies and more capacitance. This is because more charge and discharge 
current flows either with more capacitance or faster changes in the applied 
voltage. E 


17-1 Alternating Current in a Capacitive 17-4 Ohm’s Law Applied to Xc 
Circuit 


17-2 The Amount of X; Equals 1/(2fC) 


17-5 Applications of Capacitive Reactance 


17-6 Sine-Wave Charge and Discharge 
17-3 Series and Parallel Capacitive Current 
Reactances 


After studying this chapter, you should be able to 


Œ Explain how alternating current can flow in a B® Calculate the equivalent capacitive reactance 
capacitive circuit. of parallel-connected capacitors. 

Ææ Calculate the capacitive reactance of a Bm Explain how Ohm’s law can be applied to 
capacitor when the frequency and capacitive reactance. 
capacitance are known. Œ Calculate the capacitive current when the 

Ææ Calculate the total capacitive reactance of capacitance and rate of voltage change are 
series-connected capacitors. known. 


capacitive reactance, X discharge current phase angle 
charging current inversely proportional 
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Figure 17-1 Currentina 
capacitive circuit. (a) The 4-~F capacitor 
allows enough current / to light the bulb 
brightly. (b) Less current with a smaller 
capacitor causes dim light. (c) The bulb 
cannot light with DC voltage applied 
because a capacitor blocks direct current. 


C= 
4 uF 


Bright 


120 V 


V= 
120 V DC 


GOOD TO KNOW 


For a capacitor, the charge and 
discharge current flows to and 
from the plates but not through 


the dielectric. 
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17-1 Alternating Current 
in a Capacitive Circuit 


The fact that current flows with AC voltage applied is demonstrated in Fig. 17-1, 
where the bulb lights in Fig. 17—la and b because of the capacitor charge and 
discharge current. There is no current through the dielectric, which is an insulator. 
While the capacitor is being charged by increasing applied voltage, however, the 
charging current flows in one direction in the conductors to the plates. While the 
capacitor is discharging, when the applied voltage decreases, the discharge current 
flows in the reverse direction. With alternating voltage applied, the capacitor alter- 
nately charges and discharges. 

First the capacitor is charged in one polarity, and then it discharges; next the 
capacitor is charged in the opposite polarity, and then it discharges again. The cycles 
of charge and discharge current provide alternating current in the circuit at the same 
frequency as the applied voltage. This is the current that lights the bulb. 

In Fig. 17—1a, the 4-uF capacitor provides enough alternating current (AC) to 
light the bulb brightly. In Fig. 17-10, the 1-wF capacitor has less charge and dis- 
charge current because of the smaller capacitance, and the light is not so bright. 
Therefore, the smaller capacitor has more opposition to alternating current as less 
current flows with the same applied voltage; that is, it has more reactance for less 
capacitance. 

In Fig. 17-1c, the steady DC voltage will charge the capacitor to 120 V. 
Because the applied voltage does not change, though, the capacitor will just stay 
charged. Since the potential difference of 120 V across the charged capacitor is a 
voltage drop opposing the applied voltage, no current can flow. Therefore, the 
bulb cannot light. The bulb may flicker on for an instant because charging current 
flows when voltage is applied, but this current is only temporary until the capaci- 
tor is charged. Then the capacitor has the applied voltage of 120 V, but there is 
zero voltage across the bulb. 

As aresult, the capacitor is said to block direct current or voltage. In other words, 
after the capacitor has been charged by a steady DC voltage, there is no current in 
the DC circuit. All the applied DC voltage is across the charged capacitor with zero 
voltage across any series resistance. 

In summary, then, this demonstration shows the following points: 


1. Alternating current flows in a capacitive circuit with AC voltage 
applied. 

2. A smaller capacitance allows less current, which means more Xe with 
more ohms of opposition. 

3. Lower frequencies for the applied voltage result in less current and 
more Xo. With a steady DC voltage source, which corresponds to a 
frequency of zero, the opposition of the capacitor is infinite and there is 
no current. In this case, the capacitor is effectively an open circuit. 


These effects have almost unlimited applications in practical circuits because Xo 
depends on frequency. A very common use of a capacitor is to provide little opposi- 
tion for AC voltage but to block any DC voltage. Another example is to use Xe for 
less opposition to a high-frequency alternating current, compared with lower 
frequencies. 


Capacitive Current 


The reason that a capacitor allows current to flow in an AC circuit is the alternate 
charge and discharge. If we insert an ammeter in the circuit, as shown in Fig. 17-2, 
the AC meter will read the amount of charge and discharge current. In this example, 
Icis 0.12 A. This current is the same in the voltage source, the connecting leads, and 
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GOOD TO KNOW 


Capacitive reactance, X¿, iS a 
measure of a capacitor's 
opposition to the flow of sine- 
wave alternating current. The 


unit of X is the ohm (Q). 
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Figure 17-2 Capacitive reactance X- is the ratio V./Ic. 


the plates of the capacitor. However, there is no current through the insulator 
between the plates of the capacitor. 


Values for Xc 


When we consider the ratio of V.//, for the ohms of opposition to the sine-wave 
current, this value is '%.12, which equals 1000 Q. This 1000 Q is what we call X,, 
to indicate how much current can be produced by sine-wave voltage applied to a 
capacitor. In terms of current, Xe = V./J,. In terms of frequency and capacitance, 
Xc = 1/(QafC). 

The Xo value depends on the amount of capacitance and the frequency of the 
applied voltage. If C in Fig. 17-2 were increased, it could take on more charge for 
more charging current and then produce more discharge current. Then X; is less for 
more capacitance. Also, if the frequency in Fig. 17—2 were increased, the capacitor 
could charge and discharge faster to produce more current. This action also means 
that V/I would be less with more current for the same applied voltage. Therefore, 
Xe is less for higher frequencies. Reactance Xo can have almost any value from 
practically zero to almost infinite ohms. 


E 177-7 Self-Review 


Answers at the end of the chapter. 

a. Which has more reactance, a 0.1- or a 0.5-uF capacitor, at the same 
frequency? 

b. Which allows more charge and discharge current, a 0.1- or a 0.5-uF 
capacitor, at the same frequency? 


17-2 The Amount of Xc Equals 
1/(2zfC ) 


The effects of frequency and capacitance are included in the formula for calculating 
ohms of reactance. The fis in hertz units and the C is in farads for Xo in ohms. As 
an example, we can calculate X, for C of 2.65 uF and f of 60 Hz. Then 


zal = 
Xo= IC (17-1) 
_ 1 _ 1 
2a xX 60X2.65x 10° 6.28 x 159 x 10° 
= 0.00100 x 10° 
= 1000 Q 
. ; _ 1 
Note the following factors in the formula X, = IC 
1. The constant factor 27 is always 2 x 3.14 = 6.28. It indicates the 
circular motion from which a sine wave is derived. Therefore, the 
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formula X; = == applies only to sine-wave AC circuits. The 27 is 


2afC 
actually 27 rad a 360° for a complete circle or cycle. 

2. The frequency, f, is a time element. A higher frequency means that the 
voltage varies at a faster rate. A faster voltage change can produce more 
charge and discharge current for a given value of capacitance, C. The 
result is less Xo. 

3. The capacitance, C, indicates the physical factors of the capacitor that 
determine how much charge and discharge current it can produce for a 
given change in voltage. V 

4. Capacitive reactance, X,, is measured in ohms corresponding to the ~£ 
ratio for sine-wave AC circuits. The X, value determines how much © 
current C allows for a given value of applied voltage. 


Example 17-1 


How much is Xe for (a) 0.1 „F of C at 1400 Hz? (b) 1 uF of C at the same 
frequency? 


ANSWER 
a X, = 1 = 1 
°C 2afC ~ 6.28 x 1400 x 0.1 x 107° 
ras es) 2 ; 
= 698 x 140 x 10% ~ 000114 x 10 
= 1140Q 


b. At the same frequency, with 10 times more C, Xe is one-tenth or 
"4%o, which equals 114 Q. 


Example 17-2 


How much is the X, of a 47-pF value of C at (a) 1 MHz? (b) 10 MHz? 


ANSWER 


a. Xo ! l 


= fC 6.28 x47x 10°? x 1 x 10° 
= 0.003388 x 10° 


_ 1 
~ 295.16 x 107° 
= 3388 Q 

b. At 10 times the frequency, 


X. = 3388 = 338 Q. 
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CALCULATOR 


When using Formula (1 7-1) with a 
calculator, probably the best method 
is to multiply all the factors in the 
denominator and then take the 
reciprocal of the total product. To 
save time, memorize 27 as 2 X 3.14 
= 6.28. If your calculator does not 
have an key, keep the powers of 
10 separate. Remember that the 
negative sign of the exponent 
becomes positive in the reciprocal 
value. Specifically, for Example 17-1, 
the procedure can be as follows: 


E Punch in 6.28 as the numbers 
for 27: 


E Press the(X)key and punch in the 
factor of 1400, then Qand One 


E Press the © key to see the total 
product of 879.2. 


B While 879.2 is on the display, 
press the reciprocal key 
This may require pushing the 


key first. 


E The reciprocal value is 0.00114. 


E The reciprocal of 10% in the 
denominator becomes 10° in the 
numerator. 


H For the final answer, then, move 
the decimal point six places to 
the right, as indicated by 10°, 
for the final answer of 1140. 


GOOD TO KNOW 


The capacitive reactance, Xo, of a 
capacitor is infinite for DC. At the 
opposite extreme, the X, of a 
capacitor can be approximately 
zero ohms at very high frequencies. 
When analyzing electronic circuits, 
therefore, capacitors are often 
treated as an open for DC and as 


a short for AC. 


Capacitive Reactance 


Figure 17-3 A table of values and a graph to show that capacitive reactance 
Xc decreases with higher values of C. Frequency is constant at 159 Hz. 


C, uF 


Xc increases as C decreases o 02 04 06 08 10 


1 
G pF X= are 2 2000 
1.0 1000 œ 4000 
0.5 2000 É 
0.2 5000 xX 6000 
0.1 10,000 
8000 
*For f= 159 Hz 
10,000 


Note that X, in Example 17—2b is one-tenth the value in Example 17—2a because 


fis 10 times greater. 


Xe Is Inversely Proportional to Capacitance 


This statement means that Xo increases as capacitance is decreased. In Fig. 17-3, 
when C is reduced by a factor of “0 from 1.0 to 0.1 uF, then Xe increases 10 times 
from 1000 to 10,000 Q. Also, decreasing C by one-half from 0.2 to 0.1 „F doubles 
Xc from 5000 to 10,000 Q. 

This inverse relation between C and Xo is illustrated by the graph in Fig. 17-3. 
Note that values of Xo increase downward on the graph, indicating negative reac- 
tance that is opposite from inductive reactance. (Inductive reactance is covered in 
Chapter 20.) With C increasing to the right, the decreasing values of Xo approach 
the zero axis of the graph. 


X_ Is Inversely Proportional to Frequency 


Figure 17-4 illustrates the inverse relationship between X, and f. With f increasing 
to the right in the graph from 0.1 to 1 MHz, the value of X, for the 159-pF capacitor 
decreases from 10,000 to 1000 Q as the X, curve comes closer to the zero axis. 

The graphs are nonlinear because of the inverse relation between X, and f or C. 
At one end, the curves approach infinitely high reactance for zero capacitance or 
zero frequency. At the other end, the curves approach zero reactance for infinitely 
high capacitance or frequency. 


Calculating C from Its Reactance 


In some applications, it may be necessary to find the value of capacitance required 
for a desired amount of X,. For this case, the reactance formula can be inverted to 


1 
C= (17-2) 
2af Xe 
Figure 17-4 A table of values and a graph to show that capacitive reactance X- 
decreases with higher frequencies. Cis constant at 159 pF. 
f MHz 
Xc increases as f decreases o 02 04 06 08 10 
1 
ne X= Saree 2000 
1.0 1000 c 4000 
0.5 2000 © 
0.2 5000 6000 
0.1 10,000 
8000 
“For C = 159 pF 
10,000 
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The value of 6.28 for 27 is still used. The only change from Formula (17-1) is that 
the C and X, values are inverted between denominator and numerator on the left and 
right sides of the equation. 


Example 17-3 


What C is needed for Xo of 100 Q at 3.4 MHz? 


ANSWER 


C 1 


ae eo 
~ 2nfX. 6.28 x 3.4 x 10° x 100 


_ 1 
~ 628 x 3.4 x 10° 


= 0.000468 x 10 F = 0.000468 „F or 468 pF 


A practical size for this capacitor would be 470 pF. The application is to have 
low reactance at the specified frequency of 3.4 MHz. 


Calculating Frequency from the Reactance 


Another use is to find the frequency at which a capacitor has a specified amount of 
Xc. Again, the reactance formula can be inverted to the form shown in Formula 
(17-3). 


el 3 
S= e (2) 


The following example illustrates the use of this formula. 


Example 17-4 


At what frequency will a 10-wF capacitor have X, equal to 100 Q? 


ANSWER 


oo oe 1 
2nCX,. 6.28 x 10 x 10% x 100 


= 1 
~ 6280 x 10% 


= 0.000159 x 10° 


= 159 Hz 
This application is a capacitor for low reactance at audio frequencies. 


Summary of X, Formulas 


Formula (17-1) is the basic form for calculating Xo when f and C are known values. 
As another possibility, the value of X, can be measured as V./I,. 

With Xc known, the value of C can be calculated for a specified f by Formula 
(17-2), or f can be calculated with a known value of C by using Formula (17-3). 
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E 77-2 Self-Review 
Answers at the end of the chapter. 


The X, for a capacitor is 400 Q at 8 MHz. 
a. How much is X, at 16 MHz? 

How much is Xç at 4 MHz? 
c. Is a smaller or larger C needed for less X,.? 


17-3 Series and Parallel Capacitive 
Reactances 


Because capacitive reactance is an opposition in ohms, series or parallel reactances 
are combined in the same way as resistances. As shown in Fig. 17—5a, series capaci- 
tive reactances are added arithmetically. 

Series capacitive reactance: 


Xo, = Xo, + Xo, +--+ ete. (17-4) 


For parallel reactances, the combined equivalent reactance is calculated by the 
reciprocal formula, as shown in Fig. 17—5b. 
Parallel capacitive reactance: 


1 


Xo = 
eee ree eee ees 


Xo Xo Xa 


(17-5) 


In Fig. 17-5b, the parallel combination of 100 and 200 Q is 66% Q for Xo . The 
combined equivalent reactance is always less than the lowest branch reactance. Any 
shortcuts for combining parallel resistances also apply to parallel reactances. 

Combining capacitive reactances is opposite to the way capacitances are com- 
bined. The two procedures are compatible, however, because capacitive reactance is 
inversely proportional to capacitance. The general case is that ohms of opposition 
add in series but combine by the reciprocal formula in parallel. 


E 77-3 Self-Review 
Answers at the end of the chapter. 


a. How much is X, for a 200-Q X, in series with a 300-Q X,.? 
b. How much is X, for a 200-Q X, in parallel with a 300-Q X_,? 


Figure 17-5 Reactances alone combine like resistances. (a) Addition of series reactances. (b) Two reactances in parallel equal their 


product divided by their sum. 


Xe, = 3002 
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(b) 
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Figure 17-6 Example of circuit calculations with X-. (a) With a single X., the / = V/X_. (b) The sum of series voltage drops 
g P G gle Ac c g P 
equals the applied voltage V;. (© The sum of parallel branch currents equals total line current h. 
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1= Yaa 1,=%2A 


V, = IX, \ 
=33 3V. 


WSK, } 
= 6672 V. 


(b) 


17-4 Ohm’s Law Applied to X, 


The current in an AC circuit with X, alone is equal to the applied voltage divided by 
the ohms of X.. Three examples with Xo are illustrated in Fig. 17-6. In Fig. 17—6a, 
there is just one reactance of 100 Q. The current Z then is equal to V/X,, or 
100 V/100 Q, which is 1 A. 

For the series circuit in Fig. 17—6b, the total reactance, equal to the sum of the 
series reactances, is 300 Q. Then the current is 100 V/300 Q, which equals 4 A. 
Furthermore, the voltage across each reactance is equal to its /X,. product. The sum 
of these series voltage drops equals the applied voltage. 

For the parallel circuit in Fig. 17—6c, each parallel reactance has its individual 
branch current, equal to the applied voltage divided by the branch reactance. The 
applied voltage is the same across both reactances, since all are in parallel. In addi- 
tion, the total line current of 1% A is equal to the sum of the individual branch cur- 
rents of 1 and % A each. Because the applied voltage is an rms value, all the 
calculated currents and voltage drops in Fig. 17—6 are also rms values. 


E 17-4 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 17-6), how much is X; ? 
b. In Fig. 17-6c, how much is Xo ? 


17-5 Applications of Capacitive 
Reactance 


The general use of X is to block direct current but provide low reactance for alter- 
nating current. In this way, a varying ac component can be separated from a steady 
direct current. Furthermore, a capacitor can have less reactance for alternating cur- 
rent of high frequencies, compared with lower frequencies. 

Note the following difference in ohms of R and Xc. Ohms of R remain the same 
for DC circuits or AC circuits, whereas X, depends on the frequency. 

If 100 Q is taken as a desired value of X,, capacitor values can be calculated for 
different frequencies, as listed in Table 17—1. The C values indicate typical capacitor 
sizes for different frequency applications. Note that the required C becomes smaller 
for higher frequencies. 

The 100 Q of reactance for Table 17-1 is taken as a low Xo in common applica- 
tions of C as a coupling capacitor, bypass capacitor, or filter capacitor for AC varia- 
tions. For all these functions, the Xo must be low compared with the resistance in the 
circuit. Typical values of C, then, are 16 to 1600 pF for rf signals and 0.16 to 27 uF 
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Table 17-1 Capacitance Values for a Reactance of 100 Q 


C (Approx.) Frequency Remarks 
27 WF 60 Hz Power-line and low audio frequency 
1.6 uF 1000 Hz Audio frequency 
0.16 uF 10,000 Hz Audio frequency 
1600 pF 1000 kHz (RF) AM radio 
160 pF 10 MHz (HF) Short-wave radio 
16 pF 100 MHz (VHF) FM radio 


for audio frequency (af) signals. The power-line frequency of 60 Hz, which is a low 
audio frequency, requires C values of about 27 uF or more. 


E 77-5 Self-Review 
Answers at the end of the chapter. 


A capacitor C has 100 Q X, at 60 Hz. 
a. How much is Xç at 120 Hz? 
b. How much is Xç at 6 Hz? 


17-6 Sine-Wave Charge 
and Discharge Current 


In Fig. 17-7, sine-wave voltage applied across a capacitor produces alternating 
charge and discharge current. The action is considered for each quarter-cycle. Note 
that the voltage v, across the capacitor is the same as the applied voltage v, at all 
times because they are in parallel. The values of current 7, however, depend on the 
charge and discharge of C. When v, is increasing, it charges C to keep v, at the same 
voltage as v,; when v, is decreasing, C discharges to maintain v, at the same voltage 
as v,. When v, is not changing, there is no charge or discharge current. 

During the first quarter-cycle in Fig. 17—7a, v, is positive and increasing, charg- 
ing C in the polarity shown. The electron flow is from the negative terminal of the 
source voltage, producing charging current in the direction indicated by the arrow 
for i. Next, when the applied voltage decreases during the second quarter-cycle, ve 
also decreases by discharging. The discharge current is from the negative plate of C 
through the source and back to the positive plate. Note that the direction of dis- 
charge current in Fig. 17—7b is opposite that of the charge current in Fig. 17—7a. 


Figure 17-7 Capacitive charge and discharge currents. (a) Voltage v, increases positive to charge C. (b) The C discharges as v, decreases. 
(© Voltage v, increases negative to charge C in opposite polarity. (d) The C discharges as reversed v, decreases. 
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GOOD TO KNOW 


The rate of voltage change, X, 
for a sine wave is determined by 
both its amplitude and its 


frequency. 
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For the third quarter-cycle in Fig. 17—7c, the applied voltage v, increases again 
but in the negative direction. Now C charges again but in reversed polarity. Here the 
charging current is in the direction opposite from the charge current in Fig. 17—7a 
but in the same direction as the discharge current in Fig. 17—7b. Finally, the negative 
applied voltage decreases during the final quarter-cycle in Fig. 17—7d. As a result, C 
discharges. This discharge current is opposite to the charge current in Fig. 17—7c but 
in the same direction as the charge current in Fig. 17—7a. 

For the sine wave of applied voltage, therefore, the capacitor provides a cycle of 
alternating charge and discharge current. Notice that capacitive current flows for 
either charge or discharge, whenever the voltage changes, for either an increase or a 
decrease. Also, i and v have the same frequency. 


Calculating the Values of i. 


The greater the voltage change, the greater the amount of capacitive current. Fur- 
thermore, a larger capacitor can allow more charge current when the applied voltage 
increases and can produce more discharge current. Because of these factors the 
amount of capacitive current can be calculated as 

. dv 

i= C a (17-6) 
where i is in amperes, C is in farads, and dv/dt is in volts per second. As an example, 
suppose that the voltage across a 240-pF capacitor changes by 25 V in 1 us. The 
amount of capacitive current then is 


LaCie = -2y 25 
ic = CG, = 240 x 10 XTX 107 


= 240 x 25 x 10% = 6000 x 10-° 
=6x 10° Aor6mA 


Notice how Formula (17-6) is similar to the capacitor charge formula Q = CV. 
When the voltage changes, this dv/dt factor produces a change in the charge Q. 
When the charge moves, this dq/dt change is the current i.. Therefore, dq/dt or i, is 
proportional to dv/dt. With the constant factor C, then, i, becomes equal to C(dv/dt). 

By means of Formula (17-6), then, i, can be calculated to find the instantaneous 
value of charge or discharge current when the voltage changes across a capacitor. 


Example 17-5 


Calculate the instantaneous value of charging current i, produced by a 6-w~F C 
when its potential difference is increased by 50 V in 1 s. 


ANSWER 
ic= CH =6x 10% x 0 
= 300 vA 


Example 17-6 


Calculate i, for the same C as in Example 17-5 when its potential difference is 
decreased by 50 V in 1 s. 
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Table 17-2 


Time 
0 Hs 
SiO)" 2 
60° 4 
90° 6 
120° 8 
1508 10 
180° 12 
210° 14 
240° 16 
210R 18 
300° 20 
330° 2P 
360° 24 
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ANSWER For the same C(dv/dt), i, is the same 300 pA. However, this 
300 wA is discharge current, which flows in the direction opposite from i, on 
charge. If desired, the i, for discharge current can be considered negative, or 
-300 pA. 


Example 17-7 


Calculate iœ produced by a 250-pF capacitor for a change of 50 V in 1 ys. 


ANSWER 
ice CH 


Z -12 50 
= 250 x 10 XTx108 


= 12,500 x 10-6 A or 12,500 „A or 12.5 mA 


Notice that more i, is produced in Example 17-7, although C is smaller than in 
Example 17-6, because dv/dt is a much faster voltage change. 


Waveshapes of v, and i, 


More details of capacitive circuits can be analyzed by plotting the values calculated 
in Table 17-2. Figure 17-8 shows the waveshapes representing these values. 


Values for i. = C(dv/dt) Curves in Figure 1 7-8 


dv, dv/ dt, (S i = C(dv/dð, 
Hs V V/ps pF mA 
2 50 25 240 6 
2 36.6 18.3 240 4.4 
2 13.4 G 240 11 
2 —13.4 —6./ 240 —1.6 
2 —36.6 —18.3 240 —4.4 
2 —50 —25 240 —6 
2 —50 —25 240 —6 
2 —36.6 —18.3 240 —4.4 
2 —13.4 —6.7 240 —1.6 
2 13.4 6.7 240 lO 
2 36.6 13.33 240 4.4 
2 50 25 240 6 
545 


Figure 17-8 Waveshapes of capacitive circuits. (a) Waveshape of sine-wave voltage at top. (b) Changes in voltage below causing 
(©) current i. charge and discharge waveshape. Values plotted are those given in Table 17-2. 
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Volts 


100 


Sine wave of v 


120° 150° Ņ180° 210° 240° 270° 300° 330° 360° 


(a) 


dv r 
— = Cosine wave 
dt 


(b) 


ig= Pe = Cosine wave 
aaa: tae 


O BNON FD 


(c) 


Figure 17—8a shows a sine wave of voltage v, across a 240-pF capacitance C. Since 
the capacitive current i, depends on the rate of change of voltage, rather than on the 
absolute value of v, the curve in Fig. 17—8b shows how much the voltage changes. 
In this curve, the dv/dt values are plotted for every 30° of the cycle. 

Figure 17—8c shows the actual capacitive current i,. This i, curve is similar to the 
dv/dt curve because i, equals the constant C multiplied by dv/dt. 


90° Phase Angle 


The i, curve at the bottom of Fig. 17-8 has its zero values when the v, curve at the 
top is at maximum. This comparison shows that the curves are 90° out of phase 
because i, is a cosine wave of current for the sine wave of voltage ve. The 90° phase 
difference results from the fact that i. depends on the dv/dt rate of change, rather 
than on v itself. More details of this 90° phase angle for capacitance are explained 
in the next chapter. 

For each of the curves, the period T is 24 us. Therefore, the frequency is 1/T or 
Ya, which equals 41.67 kHz. Each curve has the same frequency, although there is a 
90° phase difference between i and v. 
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Ohms of X- 


The ratio of v,/i, specifies the capacitive reactance in ohms. For this comparison, 
we use the actual value of vc, which has a peak of 100 V. The rate-of-change factor 
is included in i,. Although the peak of iç at 6 mA is 90° ahead of the peak of vo at 
100 V, we can compare these two peak values. Then ve/i¢ is 100/0.006, which equals 
16,667 Q. 

This Xe is only an approximate value because i. cannot be determined exactly for 
the large dt changes every 30°. If we used smaller intervals of time, the peak ic 
would be 6.28 mA with X, then 15,900 Q, the same as 1/(27fC) with a 240-pF C and 
a frequency of 41.67 kHz. 


E 177-6 Self-Review 
Answers at the end of the chapter. 
Refer to the curves in Fig. 17-8. 
a. At what angle does v have its maximum positive value? 
At what angle does dv/dt have its maximum positive value? 
c. What is the phase angle difference between vç and ic? 
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Summary 


Capacitive reactance, Xo, is the 
opposition of a capacitance to the 


flow of sine-wave a 


ternating current. 


Xc is measured in ohms because it 
limits the current to the value V/X-. 
With V in volts and X; in ohms, / is in 


amperes. 


X= 1/(QaxfC). Wit 


h f in hertz and C 


in farads, X< isin o 


nms. 


For the same value of capacitance, 
Xc decreases when the frequency 


For the same frequency, X; decreases 
when the capacitance increases. 


With X. and f known, the 
capacitance C = 1/(2zfX.). 


With X- and C known, the frequency 
f= 1/(QanCX.). 


The total X, of capacitive reactances 
in series equals the sum of the 
individual values, as for series 
resistances. The series reactances 
have the same current. The voltage 


increases. across each reactance is IX. 


Table 17-3 


The combined equivalent reactance 
of parallel capacitive reactances is 
calculated by the reciprocal formula, 
as for parallel resistances. Each 
branch current is V/X.. The total 
line current is the sum of the 
individual branch currents. 


Table 17—3 summarizes the 
differences between Cand X.. 


Comparison of Capacitance 


and Capacitive Reactance 


Capacitance 


Symbol is C Symbol is Xe 


Measured in 
farad units 


Depends on 
construction of 
capacitor 


C =i/(dv/dt) 
or Q/V 


Important Terms 


Capacitive reactance, X.— a measure of Discharge current — the current that 


Capacitive Reactance 


Measured in ohm units 


Depends on frequency 
of sine-wave voltage 


Nhe = Ue Or WW CaaiE)) 


to both fand C. This means that as f 


a capacitor’s opposition to the flow of 
sine-wave alternating current. Xe is 


measured in ohms. X; = sy or 


flows to and from the plates of a 
capacitor as the charge stored by the 
capacitor decreases. The discharge 
current of a capacitor is opposite in 


and C increase, X, decreases. 


Phase angle — the angular difference 
or displacement between two 
waveforms. For a capacitor, the 


Ve i ; 
X= T Xc applies only to sine-wave direction to the charging current. 


AC circuits. 
Charging current — the current that 
flows to and from the plates of a 


capacitor as the charge stored by the 
capacitor increases. 


Inversely proportional — the same as a 
reciprocal relation; as the value in the 
denominator increases the resultant 
quotient decreases. In the formula 


1 — 5 
X= I Xc is inversely proportional 


Related Formulas 


charge and discharge current, ic, 
reaches its maximum value 90° 
ahead of the capacitor voltage, vc. 
As a result, the charge and discharge 
current, i., is said to lead the 
capacitor voltage, v, by a phase 
angle of 90°. 


_ 4 % = 1 
c= Daft fo Ty, ty ty... 
y ty tye etc. 
Cal c, Ao Aa 
27f Xc =c% 
f=- T 
= DnCX. v 
K =E 
n= 


Xa = Xa + Xa +++ + etc. (Series capacitive reactances) 
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(Parallel capacitive reactances) 
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Self-Test 


Answers at the back of the book. 


1. The capacitive reactance, X., of a 


6. 


At what frequency does a 0.01 5-F 
capacitor have an X; value of 2 kQ? 


11. 


Two 5-kQ X; values in parallel have 
an equivalent capacitive reactance of 


alaa a. 5.3 MHz. a. 7.07 kQ. 
capacitor Is 
. : b.5.3 Hz. b. 2.5 kQ. 
a. inversely proportional to 
frequency c. 5.3 kHz. c. 10 kQ. 
d. 106 kHz. d. 3.53 kQ. 


b. unaffected by frequency. 


c. directly proportional to frequency. 


d. directly proportional to 
capacitance. 


b. only when a DC voltage is applied. 


c. to and from the plates. 


The frequency of the AC generator is 
636.6 Hz. 


. What is the capacitive reactance, Xg, 


of a 330-pF capacitor at a frequency 
of 1 MHz? 


. 482 Q. 
. The charge and discharge current of k 
a capacitor flows b. 48.2 Q. 
a. through the dielectric. c. 1 kQ. 
d. 482 MQ. 


total capacitive reactance of 
a. 1.414 kQ. 


a. 0.01 pF. b. 500 Q. 
b. 0.1 pF. c. 2 kQ., 
c. 0.001 pF. d.707Q. 
d. 100 pF. 


Essay Questions 


1. 


12. 


For any capacitor, 


a. the stored charge increases with 
more capacitor voltage. 


b. the charge and discharge currents 
are in opposite directions. 


c. i leads v; by 90°. 
d. all of the above. 


8. What is the instantaneous value of 13. The unit of capacitive reactance, 
d. both a and b. charging current, i,, of a 10-F Xc» is the 
capacitor if the voltage across the scolii. 
. For direct current (DC), a capacitor capacitor plates changes at the rate b d 
acts like a(n) of 250 V per second? „farad. 
a. closed switch. a. 250 pA. c. hertz. 
b. open. b.2.5A. d. radian. 
c. short. c. 2.5 pA. 14. The main difference between 
d. small resistance. d. 2.5 mA. resistance, R, and capacitive 
reactance, Xo, is that 
. At the same frequency, a larger 9. For a capacitor, the charge and a. Xc is the same for both DC and AC, 
capacitance provides discharge current, ic, whereas R depends on frequency. 
a. more charge and discharge a. lags the capacitor voltage, vc, by a b. Ris the same for both DC and AC 
current. phase angle of 90°. whereas X; depends on frequency. 
b. less charge and discharge current. b. leads the capacitor voltage, ve, by c. Ris measured in ohms and X< is 
c. less capacitive reactance, Xe. a phase angle of 90°. measured in farads. 
d. both a and c. c. is in phase with the capacitor d. none of the above. 
voltage, Vc. 
. How much is the capacitance, C, of a d. none of the above. 15.A very common use for a capacitor 
capacitor that draws 4.8 mA of is to 
current from a 12-V,c generator? 10. Two 1-kQ X, values in series have a a. block any DC voltage but provide 


very little opposition to an AC 
voltage. 


b. block both DC and AC voltages. 
c. pass both DC and AC voltages. 


d. none of the above. 


Why is capacitive reactance measured in ohms? State 
two differences between capacitance and capacitive 
reactance. 


Explain briefly what is meant by two factors being 
inversely proportional. How does this apply to X; and C? 
X.and f? 


n comparing X< and R, give two differences and one 
similarity. 


Capacitive Reactance 


Explain briefly why the bulb lights in Fig. 1 7—1a but notin c. 


Why are the waves in Fig. 1 7—8a and b considered to be 
90° out of phase, but the waves in Fig. 17—8b and c have 
the same phase? 


Referring to Fig. 17-3, how does this graph show an 
inverse relation between Xe and C? 


Referring to Fig. 17—4, how does this graph show an 
inverse relation between X, and f? 


Referring to Fig. 17-8, draw three similar curves but for 
a sine wave of voltage with a period T = 12 ws for the full 
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cycle. Use the same C of 240 pF. Compare the value of 
Xc obtained as 1/(2mfC) and v-/ic. 


Problems 


SECTION 17-1 ALTERNATING CURRENT INA 
CAPACITIVE CIRCUIT 
17-1 With the switch, S}, closed in Fig. 17-9, how much is 
a. the current, /, in the circuit? 
b. the DC voltage across the 12—V lamp? 


c. the DC voltage across the capacitor? 


Figure 17-9 


C, = 100 pF 


12-V lamp 


S, 


17-2 In Fig. 17-9, explain why the bulb will light for just an 
instant when S; is initially closed. 


17-3 In Fig. 17—10, the capacitor and the lightbulb draw 400 mA 
from the 120-V,. source. How much current flows 


a. to and from the terminals of the 120-V,. source? 
b. through the lightbulb? 
c. to and from the plates of the capacitor? 


d. through the connecting wires? 


e. through the dielectric of the capacitor? 


Figure 17-10 


C = 10 pF 


V =120 Vac 


f=60Hz Lightbulb 


I = 400 mA 


17-4 In Fig. 17—11, calculate the capacitive reactance, Xç, 
for the following values of Vy: and /? 


a. Vie = 10 V and / = 20 mA. 
b. Vac = 24 V and | = 8 mA. 
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9. (a) What is the relationship between charge q and 
current i? (b) How is this comparison similar to the 
relation between the two formulas Q = CV and 


i. = C(dv/dt)? 


c. Vec = 15 V and / = 300 pA. 
d. Va = 100 V and / = 50 pA. 


Figure 17-11 


I 


Vac A) Ç 


17-5 In Fig. 17—11, list three factors that can affect the 
amount of charge and discharge current flowing in 
the circuit. 


SECTION 17-2 THE AMOUNT OF X; EQUALS 5z 


17-6 Calculate the capacitive reactance, Xo, of a 0.1-4 F 
capacitor at the following frequencies: 


a. f= TO Hz. 
b. f= 50 Hz. 
c. f=.200 Hz. 
d. f= 10 kHz. 


17-7 Calculate the capacitive reactance, X<, of a 10-uF 
capacitor at the following frequencies: 


a. f= 60 Hz. 
b. f= 120 Hz. 
eJ = 500 Hz. 
d.f= 1 kHz. 


17-8 What value of capacitance will provide an X- of 1 kQ at 
the following frequencies? 


a. f= 318.3 Hz. 

b. f= 1.591 kHz. 
c. f= 3.183 kHz. 
d. f= 6.366 kHz. 


17-9 At what frequency will a 0.047-"F capacitor provide an 
Xe value of 


a. 100 kQ? 
b. 5 kQ? 
c. 1.5 kQ? 
d. 50 Q? 
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17-10 How much is the capacitance of a capacitor that draws 
2 mA of current from a 10-V,- generator whose 
frequency is 3.183 kHz? 


17-11 At what frequency will a 820-pF capacitance have an 
Xc value of 250 Q? 


17-12 A0.01-uF capacitor draws 50 mA of current when 
connected directly across a 50-V,- source. What is the 
value of current drawn by the capacitor when 


a. the frequency is doubled? 

b. the frequency is decreased by one-half? 

c. the capacitance is doubled to 0.02 uF? 

d. the capacitance is reduced by one-half to 0.005 uF? 


17-13 A capacitor has an Xç value of 10 kQ at a given 
frequency. What is the new value of X- when the 
frequency is 
a. cut in half? 

b. doubled? 
c. quadrupled? 


d. increased by a factor of 10? 


17-14 Calculate the capacitive reactance, X., for the 
following capacitance and frequency values: 


a.C=0.47 uF, f=1 kHz. 
b.C = 100 pF, f= 120 Hz. 
c. C= 250 pF, f=1 MHz. 
d.C = 0.0022 pF, f= 50 kHz. 


17-15 Determine the capacitance value for the following 
frequency and X values: 


a. X.=1 kQ, f= 3.183 kHz. 
b. X- = 200 Q, f= 63.66 kHz. 
c. X= 25 kQ, f= 1.592 kHz. 
d.X-=1 MQ, f= 100 Hz. 


17-16 Determine the frequency for the following capacitance 
and X; values: 


a.C=0.05 uF, X: = 4 kQ. 
b.C=0.1 uF, X- = 1.591 kQ. 

c. C= 0.0082 uF, X< = 6.366 kQ. 
d.C=50 pF, X. = 100 Q. 


SECTION 17-3 SERIES AND PARALLEL CAPACITIVE 
REACTANCES 


17-17 How much is the total capacitive reactance Xc, for the 
following series capacitive reactances: 


a. Xa =1 KQ, X, = 1.5 kQ, X, = 2.5 kQ. 
b. X =500 Q, X, =1 kQ, X = 1.5kQ. 

c. x. = 20 kQ, X., “= 10k, x, = 120kQ. 
d. Xo =3409, X, =5709,X, = 2.09 kQ. 


17-18 What is the equivalent capacitive reactance, Xc. a for 
the following parallel capacitive reactances: 


a. Xo = 100 Q and X, = 400 Q. 

b. X = 1.2 kQ and X, = 1.8 kQ. 

E =15Q, X, =60,%. =10Q. 

d. Xo = 2.5 kQ, X, = 10k, X, = 2kQ, X, = 1 kQ. 


Capacitive Reactance 


SECTION 17-4 OHM’S LAW APPLIED TO X; 
17-19 In Fig. 17-12, calculate the current, /. 


Figure 17-12 


Vy = 75 Vac Xc=15 kQ 


G 


17-20 In Fig. 17—12, what happens to the current, /, when 
the frequency of the applied voltage 


a. decreases? 


b. increases? 


17-21 In Fig. 17—13, solve for 
a. Xo. 

b./. 

c. Ve, Vep and Vo. 


Figure 17-13 
Xe, = 400 Q 
Vr = 36 Vac Xc, = 800 Q 
Xeq = 1.2 KQ 


a 


17-22 In Fig. 17-14, solve for 
a. Xoo Xe and Xo.. 
b. Xo 
cl. 
d. Ve, Ve,, and Vo. 
e. Ceo 


17-23 In Fig. 17—13, solve for C,, G, G, and Cgo if the applied 
voltage has a frequency of 318.3 Hz. 


17-24 In Fig. 17-15, solve for 
a. le le, and le.. 
b. h. 
EX 


Cea’ 
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Figure 17-14 


C, = 04 pF 
Vz = 120 Vac C= 0.05 pF 
f= 1591 kHz 

C3 = 0.02 uF 


Figure 17-15 


17-25 In Fig. 17-16, solve for 


a. Xoo Xe and Xo.. 
b. le> lc and Ie,. 
Croke. 

d. X, 


CEQ" 


ee 


Figure 17-16 


V,=24V 
f = 1.989 kHz 


Critical Thinking 


17-34 Explain an experimental procedure for determining 
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the value of an unmarked capacitor. (Assume that a 
capacitance meter is not available.) 


17-26 In Fig. 17-1 


5, solve for G, G, G, and G if the 


frequency of the applied voltage is 6.366 kHz. 


SECTION 17-5 APPLICATIONS OF CAPACITIVE 


REACTANCE 


17-27 Calculate the value of capacitance, C, required to 


produce an 


Xc value of 500 Q at the following 


frequencies: 


a J= 100 Hz. 
b. f= 2 kHz. 
c. f= 50 kHz. 
d. f= 10 MHz. 


SECTION 1 7-6 


SINE-WAVE CHARGE AND 


DISCHARGE CURRENT 

17-28 Calculate the instantaneous charging current, ic, for a 
0.33-uF capacitor if the voltage across the capacitor 
plates changes at the rate of 10 V/1 ms. 


17-29 Calculate the instantaneous charging current, i., fora 


2'09 


0.01-uF capacitor if the voltage across the capacitor 
plates changes at the rate of 


a. 100 V/s. 
b. 100 V/ms. 
c. 50 V/s. 


17-30 What is the 
100-F cap 


instantaneous discharge current, i., for a 
acitor if the voltage across the capacitor 


plates decreases at the rate of 


a. 10 V/s. 
b.1V/ms. 
c. 50V/ms. 


17-31 For a capac 


itor, what is the phase relationship between 


the charge and discharge current, iœ, and the capacitor 


voltage, vc? 


17-32 A capacitor 
the voltage 


Explain your answer. 


has a discharge current, iœ, of 15 mA when 
across its plates decreases at the rate of 


150 V/us. Calculate C. 


17-33 What rate of voltage change, 


charging cu 


dv 
dt’ 
rrent of 25 mA in a 0.01-uF capacitor? 


will produce a 


Express your answer in volts per second. 


17-35 In Fig. 17-1 
l and le,- 


7, calculate Kop Xe, f Xo» CE Ve, : Vo,» Vo 
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Figure 17-17 Circuit for Critical Thinking Prob. 17-35. 


V;=25V 
f = 31.831 kHz 


C, = 0.01 uF 


Answers to Self-Reviews 17-1 a. 0.1 uF 
b. 0.5 uF 


17-2 a. 200 Q 
b. 800 Q 


c. larger 


17-3 a. 500 Q 
b. 120 Q 


Laboratory Application Assignment 


In this lab application assignment, you will examine how the 
capacitive reactance, X., of a capacitor decreases when the 
frequency, f, increases. You will also see that more capacitance, 
C, at a given frequency results in less capacitive reactance, Xe. 
Finally, you will observe how Xc values combine in series and in 
parallel. 


Equipment: Obtain the following items from your instructor. 


* Function generator 
+ Assortment of capacitors 


< DMM 


Capacitive Reactance, X< 


Refer to Fig. 1 7—18a. Calculate and record the value of X; for 
each of the following frequencies listed below. Calculate X, as 


MONEY. 


X= @ f=100 Hz 
X= @ f= 200 Hz 
X= @ f= 400 Hz 


Connect the circuit in Fig. 17—18a. Set the voltage source to 
exactly 5 V,,,.. For each of the following frequencies listed 
below, measure and record the current, /. (Use a DMM to 
measure /.) Next, calculate X; as V//. 


l= @f = 100 Hz; X: = 
= @f= 200 Hz; X-= 
= @f=400 Hz;X.= 


Capacitive Reactance 


i= 
IF 4 
xO 
ll 
8 
S 
© 


17-4 a. 300 Q 
b. 66.7 Q 


17-5 a. 50Q 
b. 1000 Q 


17-6 a. 90° 
b. O or 360° 
c. 90° 


How do the experimental values of X; compare to those initially 
calculated? 


Based on your experimental values, what happens to the value 
of X< each time the frequency, f, is doubled? 


Figure 17-18 
V=5 Vins C = 0.47 uF 
(a) 
V=5 Vine 
f= 500 Hz ‘ 
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Is X< proportional or inversely proportional to the frequency, f? 


Refer to Fig. 17—18b. With the frequency, f, set to 500 Hz, 
calculate and record the value of X; for each of the following 
capacitance values listed below. Calculate X; as 1/(2afC). 


= when C=0.1 uF 
when C= 0.22 uF 
when C= 0.47 uF 


Xc 
Xc 
Xe 


Connect the circuit in Fig. 17—18b. Adjust the frequency of the 
function generator to exactly 500 Hz. For each of the following 


capacitance values listed below, measure and record the 


current, /. (Use a DMM to measure I.) Next, calculate X- as V/I. 


l= when s0 S 
lS nhan CECEO E = 
las — wheat = 0A fre. = 


Is X< proportional or inversely proportional to the value of 
capacitance? 


Figure 17-19 


Series Capacitive Reactances 


Refer to the circuit in Fig. 17—19a. Calculate and record the 
following values: 


X= ee vee J= 
G = $ Ve, = 
Do Vo, and Vc, add to equal V? 


Construct the circuit in Fig. 17—19a. Set the frequency of the 
function generator to exactly 500 Hz. Next, using a DMM, 
measure and record the following values: 

l= Vo = Vo= 

Using the measured values of voltage and current, calculate 
the following values: 

x= X= Xo = 

Are the experimental values calculated here close to those 
initially calculated above? 


Parallel Capacitive Reactances 


Refer to the circuit in Fig. 17—19b. Calculate and record the 
following values: 


Design credit Multisim: ©Stockbyte/Getty Images 
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C, = 01 uF 
V,=5 Vims 
f = 500 Hz Ge Deer 
(a) 
Va = 5 Vms 
eee C, = 04 uF C2 = 0.22 pF 
(b) 
‘eS i= As ie f 
l = A Xe, = 


Do le, and le, add to equal /;? 


Construct the circuit in Fig. 17—19b. Set the frequency of the 
function generator to exactly 500 Hz. Next, using a DMM, 
measure and record the following values: 


|= = = 

1 

Using the measured values of voltage and current, calculate 
the following values: 

Xo, = F Xo, = Xto 

Are the experimental values calculated here close to those 
initially calculated above? 


Chapter 17 


chapter 


13, 


Capacitive 
Circuits 


his chapter analyzes circuits that combine capacitive reactance X, and resistance 

R. The main questions are, how do we combine the ohms of opposition, how 
much current flows, and what is the phase angle? Although both X, and R are 
measured in ohms, they have different characteristics. Specifically, for a sine-wave 
AC voltage, X. decreases with more capacitance and higher frequencies whereas R is 
the same for both DC and AC circuits. Furthermore, the phase angle for the voltage 
across X, is at —90° measured in the clockwise direction with i, as the reference 
at O°. 


In addition, the practical application of a coupling capacitor shows how a low value of 
Xc can be used to pass the desired AC signal variations, while blocking the steady DC 
level of a fluctuating DC voltage. In a coupling circuit with C and R in series, the AC 
component is across R for the output voltage, but the DC component is blocked 
from reaching the output by the capacitor, C. 


Finally, the general case of capacitive charge and discharge current produced when 
the applied voltage changes is shown with nonsinusoidal voltage variations. In this 
case, we compare the waveshapes of v, and i. Remember that the —90° phase angle 


for an IX. voltage applies only to sine waves. Ml 


© Chapter outline 


18-1 Sine Wave vy Lags i. by 90° 
18-2 Xand Rin Series 


18-3 Impedance Z Triangle 
18-4 RC Phase-Shifter Circuit 


18-5 Xand Rin Parallel 
18-6 RF and AF Coupling Capacitors 
18-7 Capacitive Voltage Dividers 


18-8 The General Case of Capacitive Current ic 


After studying this chapter, you should be able to 


Explain why the current leads the voltage by 
90° for a capacitor. 


Define the term impedance. 


Calculate the total impedance and phase 
angle of a series RC circuit. 


Describe the operation and application of an 
RC phase-shifter circuit. 


Calculate the total current, equivalent 
impedance, and phase angle of a parallel RC 
circuit. 


Explain how a capacitor can couple some AC 
frequencies but not others. 

Calculate the individual capacitor voltage 
drops for capacitors in series. 

Calculate the capacitive current that flows 
with nonsinusoidal waveforms. 


arctangent (arctan) 
capacitive voltage divider 
coupling capacitor, Ce 


impedance, Z 
phase angle, 0 
phasor triangle 


RC phase-shifter 
tangent (tan) 


Capacitive Circuits 
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GOOD TO KNOW 


For any capacitor, the 90° phase 
relationship between vç and ic 
exists for all values of 
capacitance or any frequency of 


sine-wave alternating voltage. 


18-1 Sine Wave v, Lags i, by 90° 


For a sine wave of applied voltage, a capacitor provides a cycle of alternating charge 
and discharge current, as shown in Fig. 18—1a. In Fig. 18-1b, the waveshape of this 
charge and discharge current i, is compared with the voltage ve. 


Examining the v, and i- Waveforms 


In Fig. 18-1, note that the instantaneous value of i, is zero when vç is at its maxi- 
mum value. At either its positive or its negative peak, vo is not changing. For one 
instant at both peaks, therefore, the voltage must have a static value before changing 
its direction. Then v is not changing and C is not charging or discharging. The result 
is zero current at this time. 

Also note that i, is maximum when vç is zero. When vç crosses the zero axis, ic 
has its maximum value because then the voltage is changing most rapidly. 

Therefore, i, and vç are 90° out of phase, since the maximum value of one cor- 
responds to the zero value of the other; i, leads vç because i, has its maximum 
value a quarter-cycle before the time that vç reaches its peak. The phasors in 
Fig. 18—1c show i, leading vc by the counterclockwise angle of 90°. Here v, is the 
horizontal phasor for the reference angle of 0°. In Fig. 18—1d, however, the current 
ic is the horizontal phasor for reference. Since i, must be 90° leading, vç is shown 
lagging by the clockwise angle of —90°. In series circuits, the current i, is the 
reference, and then the voltage vo can be considered to lag i, by 90°. 


Why i- Leads v, by 90° 


The 90° phase angle results because i, depends on the rate of change of v,. In other 
words, i, has the phase of dv/dt, not the phase of v. As shown previously in Fig. 17-8 
for a sine wave of v,, the capacitive charge and discharge current is a cosine wave. 
This 90° phase between vo and i, is true in any sine-wave AC circuit, whether C is 
in series or parallel and whether C is alone or combined with other components. We 
can always say that for any X,, its current and voltage are 90° out of phase. 


Capacitive Current Is the Same in a Series Circuit 


The leading phase angle of capacitive current is only with respect to the voltage 
across the capacitor, which does not change the fact that the current is the same in 
all parts of a series circuit. In Fig. 18—1a, for instance, the current in the generator, 
the connecting wires, and both plates of the capacitor must be the same because they 
are all in the same path. 


Figure 18-1 Capacitive current i- leads v; by 90°. (a) Circuit with sine wave V, across C. (b) Waveshapes of i¢ 90° ahead of v.. (c) Phasor 
diagram of i. leading the horizontal reference vy. by a counterclockwise angle of 90°. (d) Phasor diagram with i. as the reference phasor to 
show v; lagging i, by an angle of —90°. 
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) 


Amplitude 


ic 


+90° 


Ve ig 
-90° 


Ve 


(b) (c) (d) 
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Capacitive Circuits 


Capacitive Voltage Is the Same across 
Parallel Branches 


In Fig. 18—1a, the voltage is the same across the generator and C because they are in 
parallel. There cannot be any lag or lead in time between these two parallel voltages. 
At any instant, whatever the voltage value is across the generator at that time, the 
voltage across C is the same. With respect to the series current, however, both v, and 
vc are 90° out of phase with i,. 


The Frequency Is the Same for v, and i, 


Although ve lags i, by 90°, both waves have the same frequency. For example, if the 
frequency of the sine wave vo in Fig. 18—1b is 100 Hz, this is also the frequency 
of ic. 


E 78-1 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 18-1. 
a. What is the phase angle between v, and vo? 
What is the phase angle between v, and ic? 
c. Does v, lead or lag i? 


18-2 X andR in Series 


When a capacitor and a resistor are connected in series, as shown in Fig. 18—2a, the 
current Jis limited by both Xo and R. The current / is the same in both Xe and R since 
they are in series. However, each component has its own series voltage drop, equal 
to IR for the resistance and /X, for the capacitive reactance. 

Note the following points about a circuit that combines both Xo and R in series, 
like that in Fig. 18-2a. 


1. The current is labeled /, rather than /., because / flows through all series 
components. 

2. The voltage across Xo, labeled V,, can be considered an IXe voltage drop, 
just as we use V, for an JR voltage drop. 

3. The current / through Xo must lead V, by 90° because this is the phase 
angle between the voltage and current for a capacitor. 

4. The current / through R and its ZR voltage drop are in phase. There is no 
reactance to sine-wave alternating current in any resistance. Therefore, 
I and IR have a phase angle of 0°. 


It is important to note that the values of J and V may be in rms, peak, peak-to- 
peak, or instantaneous, as long as the same measure is applied to the entire circuit. 
Peak values will be used here for convenience in comparing waveforms. 


Phase Comparisons 


Note the following points about a circuit containing series resistance and 
reactance: 


1. The voltage V, is 90° out of phase with Z. 
2. However, V} and / are in phase. 
3. IfJis used as the reference, Vois 90° out of phase with Vp. 


Specifically, V, lags V, by 90° just as the voltage V, lags the current J by 90°. The 
phase relationships between J, V,, Vo and V} are shown by the waveforms in 
Fig. 18-25. Figure 18—2c shows the phasors representing /, V,, and Vo. 


559 


Figure 18-2 Circuit with X< and Rin series. (a) Schematic diagram. (b) Waveforms of current and voltages. (c) Phasor diagram. 


-90° 


100 V 


c 
100 Q 


Ve 


(c) 


(a) 


Figure 18-3 Addition of two voltages Combining Vk and Ve 
90° out of phase. (a) Phasors for V- and Vp 
are 90° out of phase. (b) Resultant of the 

two phasors is the hypotenuse of the right 


As shown in Fig. 18—2b, when the voltage wave V, is combined with the voltage 
wave V,, the result is the voltage wave of the applied voltage V,. The voltage drops, 
Vp and Vo, must add to equal the applied voltage V,. The 100-V peak values for Vg 
and V, total 141 V, however, instead of 200 V, because of the 90° phase difference. 


triangle for V,- 


f x i A N Consider some instantaneous values in Fig. 18—2b, to see why the 100-V peak Vp 
— and 100-V peak V, cannot be added arithmetically. When V, is at its maximum of 
~90° 100 V, for instance, V, is at zero. The total voltage V, at this instant, then, is 100 V. 
vec Similarly, when V, is at its maximum of 100 V, V, is at zero and the total voltage Vy 
c7 C . . 
Vo = 100 V is again 100 V. 


Actually, V} reaches its maximum of 141 V when Vo and V, are each at 70.7 V. 
When series voltage drops that are out of phase are combined, therefore, they cannot 
be added without taking the phase difference into account. 


Phasor Voltage Triangle 


Instead of combining waveforms that are out of phase, as shown in Fig. 18—2b, we 
can add them more quickly by using their equivalent phasors, as shown in Fig. 18-3. 
The phasors in Fig. 18—3a show the 90° phase angle without any addition. The 
method in Fig. 18-3) is to add the tail of one phasor to the arrowhead of the other, 
using the angle required to show their relative phase. Note that voltages V} and V, are 
at right angles to each other because they are 90° out of phase. Note also that the pha- 
sor for V, is downward at an angle of —90° from the phasor for V,. Here Vp is used as 
(b) the reference phasor because it has the same phase as the series current J, which is the 
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CALCULATOR 


To do a problem like this on a 
calculator, remember that the 
square root sign is a sign of 
grouping. All terms within the 
group must be added before you 
take the square root. Also, each 
term must be squared individually 
before adding for the sum. 
Specifically, for this problem: 


Œ Punch in 100 and push the?) 
key for 10,000 as the square. 


E Next, punch the (+) key and 
then punch in 100 and @) : 
Press theG) key. The display 
should read 20,000. 


H Press VY) to read the answer 


of 141.421. 


In some calculators, either the GÒ 
or the Vv) key must be 


preceded by the second function 


key Q™F). 


Figure 18-4 Addition of Rand X< 90° 


out of phase in a series RC circuit to find 


the total impedance Z,. 


Capacitive Circuits 


Xo =1002 


same everywhere in the circuit. The phasor V, extending from the tail of the V, pha- 
sor to the arrowhead of the V, phasor, represents the applied voltage V}, which is the 
phasor sum of V, and Vo. Since V, and V, form a right angle, the resultant phasor Vy 
is the hypotenuse of a right triangle. The hypotenuse is the side opposite the 90° angle. 

From the geometry of a right triangle, the Pythagorean theorem states that the 
hypotenuse is equal to the square root of the sum of the squares of the sides. For the 
voltage triangle in Fig. 18-3, therefore, the resultant is 


V= VWE+V2 (18-1) 


where V, is the phasor sum of the two voltages Vg and V, 90° out of phase. 

This formula is for V, and Vo when they are in series, since they are 90° out of 
phase. All voltages must be expressed in the same units. When V, is an rms value, 
Vp and Vo must also be rms values. For the voltage triangle in Fig. 18—3b, 


V, = V100? + 100? = 10,000 + 10,000 
= 720,000 


=141V 


E 78-2 Self-Review 
Answers at the end of the chapter. 


a. Ina series circuit with X, and R, what is the phase angle between J 
and Vg? 
. What is the phase angle between V} and Vo? 
c. Ina series circuit with X, and R, does the series current Z lead or lag 
the applied voltage V,,? 


18-3 Impedance Z Triangle 


A triangle of R and X, in series corresponds to the voltage triangle, as shown in 
Fig. 18-4. It is similar to the voltage triangle in Fig. 18—3b, but the common factor 
I cancels because the series current J is the same in X, and R. The resultant of the 
phasor addition of X, and R is their total opposition in ohms, called impedance, with 
the symbol Z,. The Z takes into account the 90° phase relation between R and Xo. 

For the impedance triangle of a series circuit with capacitive reactance X, and 
resistance R, 


Z,= VR +X} (18-2) 


where R, Xo, and Z, are all in ohms. For the phasor triangle in Fig. 18-4, 


Z, = V100? + 100? = +/10,000 + 10,000 


= ¥/20,000 
Z,= 141 


This is the total impedance Z, in Fig. 18—2a. 

Note that the applied voltage V, of 141 V divided by the total impedance of 
141 Q results in 1 A of current in the series circuit. The JR voltage V} is 1 A x 100 Q 
or 100 V; the ZX, voltage is also 1 A x 100 Q or 100 V. The series ZR and IX; voltage 
drops of 100 V each are added using phasors to equal the applied voltage V, of 
141 V. Finally, the applied voltage equals /Z, or 1 A x 141 Q, which is 141 V. 

Summarizing the similar phasor triangles for voltage and ohms in a series 
RC circuit, 


1. The phasor for R, IR, or V} is used as a reference at 0°. 
2. The phasor for Xo, IXc, or Vo is at —90°. 
3. The phasor for Z,, /Z,, or Vy has the phase angle 6 of the complete circuit. 
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CALCULATOR 


To do the trigonometry in 
Example 18-1 with a calculator, 
keep in mind the following 


points: 


E The ratio of —X./R specifies the 
angle’s tangent function as a 
numerical value, but this is not 
the angle @ in degrees. Finding 
Xc/R is a division problem. 


The angle 0 itself is an inverse 
function of tan 0 that is 
indicated as arctan 8 or tan7'0. 
A scientific calculator can give 
the trigonometric functions 
directly from the value of an 
angle, or inversely show the 
angle from its trigonometric 
functions. 


E Asa check on your values, note 
that tan @=—1, tan"! (arctan 0) 
is —45°. Tangent values less 
than —1 must be for angles 
smaller than —45°; angles more 
than —45° must have tangent 
values higher than —1. 


For the values in Example 18-1 
specifically, punch in —40 for Xe, 
press the) key, punch in 30 for 
R, and press the E) key for the 
ratio of —1.33 on the display. This 
value is tan @. Although it is on 
the display, push the key, 
and the answer of —53.1° will 
appear for the angle. Use of the 


key is usually preceded by 


pressing the second function key, 


QP). 
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Phase Angle with Series X, and R 


The angle between the applied voltage V, and the series current J is the phase angle 
of the circuit. Its symbol is 0 (theta). In Fig. 18—3b, the phase angle between V, and 
IR is —45°. Since IR and I have the same phase, the angle is also —45° between Vy 
and 7. 

In the corresponding impedance triangle in Fig. 18-4, the angle between Z, and 
R is also equal to the phase angle. Therefore, the phase angle can be calculated from 
the impedance triangle of a series RC circuit by the formula 


tan 0, = -2$ (18-3) 


The tangent (tan) is a trigonometric function of an angle, equal to the ratio of the 
opposite side to the adjacent side of a triangle. In this impedance triangle, Xo is the 
opposite side and R is the adjacent side of the angle. We use the subscript Z for 0 to 
show that 0; is found from the impedance triangle for a series circuit. To calculate 
this phase angle, 

Žo- 100 <j 
R 100 

The angle that has the tangent value of —1 is —45° in this example. The numeri- 
cal values of the trigonometric functions can be found from a table or by using a 
scientific calculator. Note that the phase angle of —45° is halfway between 0° and 
—90° because R and Xo are equal. 


tan 6, = — 


Example 18-1 


If a 30-Q R and a 40-Q X, are in series with 100 V applied, find the following: 
Zr L Va, Vo and @,. What is the phase angle between Vo and Vp with respect to 
I? Prove that the sum of the series voltage drops equals the applied voltage V}. 


ANSWER 
Z= VR + X2= V30? + 40? 
= V900 + 1600 
= V2500 
= 502 
Vr _ 100 V 
I=7 = 300 72^ 


Therefore, V, lags Z by 53.1°. Furthermore, / and V, are in phase, and V, lags J 
by 90°. Finally, 
V,= yV} + V2= V60? + 80? = V3600 + 6400 


= y 10,000 
=100 V 


Note that the phasor sum of the voltage drops equals the applied voltage V}. 


Chapter 18 


GOOD TO KNOW 


For a series RC circuit, 
when Xc 2 10R, Z; = Xe 
When R > 10X, ZSR. 


GOOD TO KNOW 


In Fig. 18-5a, another RC phase- 
shifting network could be added 
at the output of the first one to 

provide an even greater range in 


overall phase shift. 


Capacitive Circuits 


Table 18-1 Series R and X, Combinations 
Z Phase 
R,Q X- Q (Approx.) Angle 0, 
1 10 yiosi —84.3° 
10 10 /200 = 14 —45° 
10 1 V101 =10° -57° 


Note: 6, is the phase angle of Z, or V, with respect to the reference phasor / in series circuits. 


Series Combinations of X, and R 


In series, the higher the Xo compared with R, the more capacitive the circuit. There 
is more voltage drop across the capacitive reactance X,, and the phase angle 
increases toward —90°. The series X, always makes the series current J lead the 
applied voltage V,. With all X, and no R, the entire applied voltage V, is across Xe 
and 8 equals —90°. 

Several combinations of Xo and R in series are listed in Table 18-1 with their 
resultant impedance values and phase angle. Note that a ratio of 10:1, or more, for 
X,/R means that the circuit is practically all capacitive. The phase angle of —84.3° 
is almost —90°, and the total impedance Z, is approximately equal to X,. The volt- 
age drop across Xe in the series circuit is then practically equal to the applied voltage 
V,, with almost none across R. 

At the opposite extreme, when R is 10 times more than Xe, the series circuit is 
mainly resistive. The phase angle of —5.7° then means that the current is almost in 
phase with the applied voltage V,; Z, is approximately equal to R, and the volt- 
age drop across R is practically equal to the applied voltage V, with almost none 
across Xo- 

When Xo and R equal each other, the resultant impedance Z, is 1.41 times either 
one. The phase angle then is —45°, halfway between 0° for resistance alone and 
—90° for capacitive reactance alone. 


E 78-3 Self-Review 
Answers at the end of the chapter. 


How much is Z, for a 20-Q R in series with a 20-Q X? 
How much is V, for 20 V across R and 20 V across X,. in series? 
c. What is the phase angle 0, of this circuit? 


ye 


18-4 RC Phase-Shifter Circuit 


Figure 18-5 shows an application of Xo and R in series to provide a desired phase 
shift in the output V, compared with the input V,. The R can be varied up to 100 kQ 
to change the phase angle. The C is 0.05 „F here for the 60-Hz AC power-line volt- 
age, but a smaller C would be used for a higher frequency. The capacitor must have 
an appreciable value of reactance for the phase shift. 

For the circuit in Fig. 18—Sa, assume that R is set for 50 KQ at its middle value. 
The reactance of the 0.05-F capacitor at 60 Hz is approximately 53 KQ. For these 
values of X,. and R, the phase angle of the circuit is —46.7°. This angle has a tangent 
of —*%50 = —1.06. 

The phasor triangle in Fig. 18—5b shows that JR or V} is out of phase with V, by 
the leading angle of 46.7°. Note that V, is always 90° lagging V, in a series circuit. 
The angle between V, and V, then becomes 90° — 46.7° = 43.3°. 
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Figure 18-5 An RC phase-shifter circuit. (a) Schematic diagram. (b) Phasor triangle with /R, or V}, as the horizontal reference. 
V, leads V, by 46.7° with R set at 50 kQ. (c) Phasors shown with V, as the horizontal reference. 
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Input 


R = 0-100 kQ 
(Set for 50 kQ) 


C=0.05 uF 
Xo = 53 kQ 


Vp =IR Vo 
output Vy 


This circuit provides a phase-shifted voltage V, at the output with respect to the 
input. For this reason, the phasors are redrawn in Fig. 18—5c to show the voltages 
with the input Vas the horizontal reference. The conclusion, then, is that the output 
voltage across R leads the input V, by 46.7°, whereas Vo lags Vy by 43.3°. 

Now let R be varied for a higher value at 90 kQ, while Xo stays the same. The 
phase angle becomes —30.5°. This angle has a tangent of —*/%o = —0.59. As a result, 
Vg leads V; by 30.5°, and Vo lags V; by 59.5°. 

For the opposite case, let R be reduced to 10 kQ. Then the phase angle becomes 
—79.3°. This angle has the tangent —*/0 = —5.3. Then V, leads V, by 79.3° and Vo 
lags V; by 10.7°. Notice that the phase angle between Vp and V, becomes larger as 
the series circuit becomes more capacitive with less resistance. 

A practical application for this circuit is providing a voltage of variable phase to 
set the conduction time of semiconductors in power-control circuits. In this case, the 
output voltage is taken across the capacitor C. This provides a lagging phase angle 
with respect to the input voltage V,. As R is varied from 0 Q to 100 kQ, the phase 
angle between V, and V, increases from 0° to about —62°. If R were changed so that 
it varied from 0 to 1 MQ, the phase angle between V, and V, would vary between 0° 
and —90° approximately. 


E 718-4 Self-Review 


Answers at the end of the chapter. 


In Fig. 18-5, give the phase angle between 
V, and V}. 
Vr and Vo. 
c. Vand V}. 


SP 


18-5 X_and Rin Parallel 


For parallel circuits with X, and R, the 90° phase angle must be considered for each 
of the branch currents. Remember that any series circuit has different voltage drops 
but one common current. A parallel circuit has different branch currents but one 
common voltage. 

In the parallel circuit in Fig. 18—6a, the applied voltage V, is the same across Xo, 
R, and the generator, since they are all in parallel. There cannot be any phase differ- 
ence between these voltages. Each branch, however, has its own individual current. 
For the resistive branch, J, = V,/R; for the capacitive branch, I, = V,/X¢. 

The resistive branch current J, is in phase with the generator voltage V,. The 
capacitive branch current J. leads V,, however, because the charge and discharge 
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Figure 18-6 Capacitive reactance X- and Rin parallel. (a) Circuit. (b) Waveforms of the applied voltage V,, branch currents /, 
and /., and total current h. (©) Phasor diagram. 


I = 14140 To =10A 
V, = 100 V X.=109 


90° 


current of a capacitor leads the capacitor voltage by 90°. The waveforms for V}, Ips 
Iç, and J in Fig. 18—6a are shown in Fig. 18—6b. The individual branch currents J, 
and J, must add to equal the total current 7}. The 10-A peak values for /, and J, total 
14.14 A, however, instead of 20 A, because of the 90° phase difference. 

Consider some instantaneous values in Fig. 18—6b to see why the 10-A peak for 
I, and 10-A peak for J, cannot be added arithmetically. When J, is at its maximum 
of 10 A, for instance, Jp is at zero. The total for 7, at this instant then is 10 A. Simi- 
larly, when J, is at its maximum of 10 A, J, is at zero and the total current J, at this 
instant is also 10 A. 

Actually, J, has its maximum of 14.14 A when J, and J, are each 7.07 A. When 
branch currents that are out of phase are combined, therefore, they cannot be added 
without taking the phase difference into account. 


Figure 18-7 Phasor triangle of Figure 18—6c shows the phasors representing V,, Ig and Ie. Notice that J, leads 
capacitive and resistive branch currents V, and J, by 90°. In this case, the applied voltage V, is used as the reference phasor 
90° out of phase in a parallel circuit to find since it is the same across both branches. 


the resultant /,. 


Phasor Current Triangle 


Figure 18-7 shows the phasor current triangle for the parallel RC circuit in 


Tp=Vigtlé [p= 10A Fig. 18—6a. Note that the resistive branch current /, is used as the reference pha- 
1, =14.14A 


sor since V, and J, are in phase. The capacitive branch current J, is drawn 
upward at an angle of +90° since J, leads V, and thus J, by 90°. The sum of the 
I, and J, phasors is indicated by the phasor for /,, which connects the tail of the 
I, phasor to the tip of the Ze phasor. The /, phasor is the hypotenuse of the right 
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GOOD TO KNOW 


For R in parallel with Xc, Zeo can 


also be calculated as: 


GOOD TO KNOW 


For parallel RC circuits, tan 0, can 


also be calculated as tan 0, = 
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Xe 


triangle. The phase angle between /, and /, represents the phase angle of the 
circuit. Peak values are shown here for convenience, but rms and peak-to-peak 
values could also be used. 

Using the Pythagorean theorem, the total current J, could be calculated by taking 
the square root of the sum of the squares of the sides. For the current triangle in 
Fig. 18-7 therefore, the resultant Z, is 


I= VFR aa 
For the values in Fig. 18—6, 
I= V10 + 10? = v100 + 100 
= v 200 
=14.14A 


Impedance of X- and R in Parallel 


A practical approach to the problem of calculating the total or equivalent impedance 
of Xo and R in parallel is to calculate the total line current 7, and divide the applied 
voltage V, by this value. 


Za = 7 (18-5) 


For the circuit in Fig. 18—6a, V, is 100 V, and the total current /,, obtained as the 
phasor sum of J, and Ic, is 14.14 A. Therefore, we can calculate the equivalent 
impedance Zgo as 


z = Ya 10V 
re 7, 1414A 


=7.07Q 


This impedance, the combined opposition in ohms across the generator, is equal 
to the 10-Q resistance in parallel with the 10-Q Xo. 

Note that the impedance Z,, for equal values of R and Xe in parallel is not one- 
half but instead equals 70.7% of either one. Still, the value of Zgo will always be less 
than the lowest ohm value in the parallel branches. 

For the general case of calculating the Z,, of Xc and R in parallel, any number 
can be assumed for the applied voltage V, because, in the calculations for Z,, in 
terms of the branch currents, the value of V, cancels. A good value to assume for V, 
is the value of either R or X,, whichever is the larger number. This way, there are no 
fractions smaller than that in the calculation of the branch currents. 


Phase Angle in Parallel Circuits 


In Fig. 18-7, the phase angle 0 is 45° because R and Xe are equal, resulting in 
equal branch currents. The phase angle is between the total current /, and the 
generator voltage V,. However, V, and J, are in phase. Therefore, 0 is also between 
I and I. 

Using the tangent formula to find 0 from the current triangle in Fig. 18-7 gives 

tan 6, = £ (18-6) 
R 
The phase angle is positive because the J, phasor is upward, leading V, by 90°. This 
direction is opposite from the lagging phasor of series X,. The effect of Xe is no dif- 
ferent, however. Only the reference is changed for the phase angle. 

Note that the phasor triangle of branch currents for parallel circuits gives 0, as 
the angle of J, with respect to the generator voltage V,. This phase angle for 7, is 
labeled 0, with respect to the applied voltage. For the phasor triangle of voltages 
in a series circuit, the phase angle for Z, and V, is labeled 6, with respect to the 
series current. 
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GOOD TO KNOW 


For a parallel RC circuit, 
When X.>10R, Za SR. 


When R > 10X¢, Zrq & Xe. 


Example 18-2 


A 30-mA J, is in parallel with another branch current of 40 mA for Ie. The 
applied voltage V, is 72 V. Calculate Z+, Zgo, and 0}. 


ANSWER This problem can be calculated in mA units for J and KQ for Z 
without powers of 10. 
I, = Viz + 2 = VG0) + (40)? 
= V900 + 1600 = V2500 


=50mA 
Va 72V 
“a= T= 30mA 
= 1.44kQ 
Ic _ 40 
tan 6, = £ == = 1,333 
I, 30 
= arctan (1.333) 
G6 = 931° 


Parallel Combinations of X, and R 


In Table 18-2, when Xo is 10 times R, the parallel circuit is practically resistive 
because there is little leading capacitive current in the main line. The small value of 
Io results from the high reactance of shunt X,. Then the total impedance of the paral- 
lel circuit is approximately equal to the resistance, since the high value of Xo in a 
parallel branch has little effect. The phase angle of 5.7° is practically 0° because 
almost all of the line current is resistive. 

As Xo becomes smaller, it provides more leading capacitive current in the main 
line. When Xc is “io R, practically all of the line current is the Zo component. Then, 
the parallel circuit is practically all capacitive with a total impedance practically 
equal to Xe. The phase angle of 84.3° is almost 90° because the line current is 
mostly capacitive. Note that these conditions are opposite to the case of Xo and R in 
series. With Xc and R equal, their branch currents are equal and the phase angle 
is 45°. 


Table 18-2 Parallel Resistance and Capacitance Combinations* 


R,Q Xa Q 

1 10 
10 10 
10 1 


L, A ZV Q Phase 
k, A k, A (Approx.) (Approx.) Angle 0, 
10 1 yio =o 1 Bi ioe 
1 1 y= see TOT a5 
1 10 VO 10" 1 84.3° 


* V, = 10 V. Note that 0, is the phase angle of 7, with respect to the reference V, in parallel circuits. 


Capacitive Circuits 


567 


Figure 18-8 Series circuit for RC 
coupling. Small X- compared with R allows 
practically all the applied voltage to be 
developed across R for the output, with 
little across C. 


Xc =10 kQ 


R= Output 


signal = 
100 kQ 995V 
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As additional comparisons between series and parallel RC circuits, remember that 


1. The series voltage drops V, and V, have individual values that are 90° out 
of phase. Therefore, V, and Vo are added by phasors to equal the applied 
voltage V,. The negative phase angle —0, is between V, and the common 
series current J. More series Xo allows more V, to make the circuit more 
capacitive with a larger negative phase angle for V} with respect to 7. 

2. The parallel branch currents J, and J, have individual values that are 90° 
out of phase. Therefore, /, and J, are added by phasors to equal /,, which 
is the main-line current. The positive phase angle 6, is between the line 
current J, and the common parallel voltage V,. Less parallel X,. allows 
more J, to make the circuit more capacitive with a larger positive phase 
angle for Z, with respect to V,. 


E 78-5 Self-Review 


Answers at the end of the chapter. 


a. How much is 7, for branch currents I, of 2 A and I, of 2 A? 
b. Find the phase angle 0, between Z, and V,. 


18-6 RF and AF Coupling Capacitors 


In Fig. 18-8, Ce is used in the application of a coupling capacitor. Its low reactance 
allows developing practically all the AC signal voltage of the generator across R. 
Very little of the ac voltage is across Co. 

The coupling capacitor is used for this application because it provides more reac- 
tance at lower frequencies, resulting in less ac voltage coupled across R and more 
across Co. For DC voltage, all voltage is across C with none across R, since the 
capacitor blocks direct current. As a result, the output signal voltage across R 
includes the desired higher frequencies but not direct current or very low frequen- 
cies. This application of Co, therefore, is called ac coupling. 

The dividing line for Ce to be a coupling capacitor at a specific frequency can be 
taken as Xo one-tenth or less of the series R. Then the series RC circuit is primarily 
resistive. Practically all the voltage drop of the ac generator is across R, with little 
across C. In addition, the phase angle is almost 0°. 

Typical values of a coupling capacitor for audio or radio frequencies can be cal- 
culated if we assume a series resistance of 16,000 Q. Then Xo must be 1600 Q or 
less. Typical values for Ce are listed in Table 18-3. At 100 Hz, a coupling capacitor 
must be 1 „F to provide 1600 Q of reactance. Higher frequencies allow a smaller 


Coupling Capacitors with a Reactance 


Table 18-3 


of 1600 Q* 
f C: Remarks 
100 Hz 1 lr Low audio frequencies 
1000 Hz 0.1 uF Audio frequencies 
10 kHz 0.01 uF Audio frequencies 
1000 kHz 100 pF Radio frequencies 
100 MHz 1 pF Very high frequencies 


* For an Xe one-tenth of a series R of 16,000 Q 
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Capacitive Circuits 


value of C, for a coupling capacitor having the same reactance. At 100 MHz in the 
VHF range, the required capacitance is only 1 pF. 

Note that the C, values are calculated for each frequency as a lower limit. At 
higher frequencies, the same size Ce will have less reactance than one-tenth of R, 
which improves coupling. 


Choosing a Coupling Capacitor for a Circuit 


As an example of using these calculations, suppose that we have the problem of 
determining Ce for an audio amplifier. This application also illustrates the relatively 
large capacitance needed with low series resistance. The C is to be a coupling 
capacitor for audio frequencies of 50 Hz and up with a series R of 4000 Q. Then the 
required Xe is “%o, or 400 Q. To find C at 50 Hz, 


Ge! LS 1 
Inf X. 628 X50 x 400 


zo l = 
= 735.600 ~” 0.0000079 


=7.9x10° or 7.9 pF 


A 10-F electrolytic capacitor would be a good choice for this application. The 
slightly higher capacitance value is better for coupling. The voltage rating should 
exceed the actual voltage across the capacitor in the circuit. Although electrolytic 
capacitors have a slight leakage current, they can be used for coupling capacitors in 
this application because of the low series resistance. 


E 78-6 Self-Review 


Answers at the end of the chapter. 


a. The X, of a coupling capacitor is 70 Q at 200 Hz. How much is its Xo 
at 400 Hz? 
b. From Table 18-3, what C would be needed for 1600 Q of X, at 50 MHz? 


18-7 Capacitive Voltage Dividers 


When capacitors are connected in series across a voltage source, the series capaci- 
tors serve as a voltage divider. Each capacitor has part of the applied voltage, and the 
sum of all the series voltage drops equals the source voltage. 

The amount of voltage across each is inversely proportional to its capacitance. 
For instance, with 2 „F in series with 1 „F, the smaller capacitor has double the 
voltage of the larger capacitor. Assuming 120 V applied, one-third of this, or 40 V, 
is across the 2-uF capacitor, and two-thirds, or 80 V, is across the 1-4F capacitor. 

The two series voltage drops of 40 and 80 V add to equal the applied voltage of 
120 V. The phasor addition is the same as the arithmetic sum of the two voltages 
because they are in phase. When voltages are out of phase with each other, arithme- 
tic addition is not possible and phasor addition becomes necessary. 


AC Divider 


With sine-wave alternating current, the voltage division between series capacitors 
can be calculated on the basis of reactance. In Fig. 18—9a, the total reactance is 
120 Q across the 120-V source. The current in the series circuit is 1 A. This current 
is the same for Xo, and X, in series. Therefore, the ZX voltage across C, is 40 V with 
80 V across C. 

The voltage division is proportional to the series reactances, as it is to series resis- 
tances. However, reactance is inversely proportional to capacitance. As a result, the 
smaller capacitance has more reactance and a greater part of the applied voltage. 
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Figure 18-9 Series capacitors divide V, inversely proportional to each C. The smaller C has more V. (a) An AC divider with more X< for the 


smaller C. (b) A DC divider. 


GOOD TO KNOW 


Connecting a DC voltmeter across 
either C, or C, in Fig. 18-96 will 
cause the capacitor to discharge 
through the resistance of the 
meter. It is best to use a DMM with 


a high internal resistance so that 


the amount of discharge is minimal. 


The voltmeter reading should be 
taken immediately after it is 


connected across the capacitor. 
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V,=40V 


80 V 


(b) 


DC Divider 


In Fig. 18-9b, both C, and C, will be charged by the battery. The voltage across the 
series combination of C, and C, must equal V}. When charging current flows, elec- 
trons repelled from the negative battery terminal accumulate on the negative plate 
of C,, repelling electrons from its positive plate. These electrons flow through the 
conductor to the negative plate of C,. As the positive battery terminal attracts elec- 
trons, the charging current from the positive plate of C, returns to the positive side 
of the DC source. Then C, and C, become charged in the polarity shown. 

Since C, and C, are in the same series path for charging current, both have the 
same amount of charge. However, the potential difference provided by the equal 
charges is inversely proportional to capacitance. The reason is that Q = CV, or 
V = Q/C. Therefore, the 1-~F capacitor has double the voltage of the 2-uF capacitor 
with the same charge in both. 

If you measure across C, with a DC voltmeter, the meter reads 40 V. Across C,, 
the DC voltage is 80 V. The measurement from the negative side of C, to the posi- 
tive side of C, is the same as the applied battery voltage of 120 V. 

If the meter is connected from the positive side of C, to the negative plate of C,, 
however, the voltage is zero. These plates have the same potential because they are 
joined by a conductor of zero resistance. 

The polarity marks at the junction between C, and C, indicate the voltage at this 
point with respect to the opposite plate of each capacitor. This junction is positive 
compared with the opposite plate of C, with a surplus of electrons. However, the 
same point is negative compared with the opposite plate of C,, which has a defi- 
ciency of electrons. 

In general, the following formula can be used for capacitances in series as a volt- 
age divider: 


(18-7) 


Note that Cpg is in the numerator, since it must be less than the smallest individual 
C with series capacitances. For the divider examples in Fig. 18—9a and b, 
% 


Cro x 120 = Ž x 120 = 40 V 
C, 2 


V, = 
C ; 

V, = Œ x 120 = Ž x 120 = 80 V 

=e 1 


This method applies to series capacitances as dividers for either DC or AC voltage, 
as long as there is no series resistance. Note that the case of capacitive DC dividers 
also applies to pulse circuits. Furthermore, bleeder resistors may be used across 
each of the capacitors to ensure more exact division. 
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GOOD TO KNOW 


For a capacitor, the value of 
charge or discharge current is 
zero when dv/dt is zero. When 
dv/dt is a constant value, the 
charge or discharge current is 


also a constant value. 


Capacitive Circuits 


E 718-7 Self-Review 


Answers at the end of the chapter. 


a. Capacitance C, of 10 pF and C, of 90 pF are across 20 kV. Calculate 
the amount of V, and V,. 
b. In Fig. 18-9a, how much is X,,.? 


18-8 The General Case of Capacitive 
Current i- 


The capacitive charge and discharge current i, is always equal to C(dv/dt). A sine 
wave of voltage variations for vo produces a cosine wave of current i. This means 
that vo and i, have the same waveform, but they are 90° out of phase. 

It is usually convenient to use X;, for calculations in sine-wave circuits. Since Xo 
is 1/(2afC), the factors that determine the amount of charge and discharge current 
are included in f and C. Then J, equals V./X,. Or, if J, is known, Vo can be calcu- 
lated as Jo X Xe. 

With a nonsinusoidal waveform for voltage v,, the concept of reactance cannot 
be used. Reactance Xo applies only to sine waves. Then i, must be determined as 
C(dv/dt). An example is illustrated in Fig. 18-10 to show the change of waveform 
here, instead of the change of phase angle in sine-wave circuits. 

Note that the sawtooth waveform of voltage vo corresponds to a rectangular 
waveform of current. The linear rise of the sawtooth wave produces a constant 
amount of charging current i. because the rate of change is constant for the charging 
voltage. When the capacitor discharges, vo drops sharply. Then the discharge current 
is in the direction opposite from the charge current. Also, the discharge current has 
a much larger value because of the faster rate of change in vo. 


E 78-8 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 18—10a, how much is dv/dt in V/s for the sawtooth rise from 
0 to 90 V in 90 us? 
b. How much is the charge current i,, as C(dv/dt) for this dv/dt? 


Figure 18-10 Waveshape of i- equal to C(dv/dt). (a) Sawtooth waveform of V-. 
(b) Rectangular current waveform of i- resulting from the uniform rate of change in the 
sawtooth waveform of voltage. 


ig charge = 300 pA 


ic discharge = 2700 pA 


(a) (b) 
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Summary 


In a sine-wave AC circuit, the voltage 
across a capacitance lags its charge 
and discharge current by 90°. 


Therefore, capacitive reactance X- is 
a phasor quantity out of phase with 
its series resistance by —90° 
because i. = C(dv/dt). This 
fundamental fact is the basis of all 
the following relations. 


The combination of Xo and Rin 
series is their total impedance Z,. 
These three types of ohms of 


opposition to current are compared 
in Table 18-4. 


The opposite characteristics for 
series and parallel circuits with Xe 
and R are summarized in Table 18-5. 


Two or more capacitors in series 
across a voltage source serve as a 
voltage divider. The smallest C has 
the largest part of the applied 
voltage. 


A coupling capacitor has X; less 
than its series resistance by a factor 


of one-tenth or less to provide 
practically all the AC applied voltage 
across R with little across C. 

n sine-wave circuits, le = V-/Xe. 
Then /- is out of phase with Vo 

by 90°. 

For a circuit with X; and Rin series, 
tan 6, = —(X-/R), and in parallel, tan 
0 =!-/lz. See Table 18-5. 


When the voltage is not a sine wave, 
ie = (dv/dt). Then the waveshape of i. 
is different from that of the voltage. 


Table 18-4 Comparison of R, X; and Z 


R 
Ohm unit 
IR voltage in phase with / 


Same ohm value for all f 


Ohm unit 
IX. voltage lags |. by 90° 


Ohm value decreases for 


higher f 


X-=1/(2zfC) 


Z,= VR?+X2 


Ohm unit 
IZ, is the applied voltage 


Becomes more resistive with more f 
Becomes more capacitive with less f 


Table 18-5 Series and Parallel RC Circuits 


Xc and R in Parallel 


Xcand Rin Series 


I the same in Xc and R 
V= VVR V 
Zi = WIR? te XE 


Vc lags Vp by 90° 


X 
tan 0, = =% 0z increases as Xc 


increases, resulting in more Vo 


Important Terms 


Arctangent (arctan) — an inverse 
trigonometric function that specifies 
the angle, 0, corresponding to a given 
tangent (tan) value. 


Capacitive voltage divider — a voltage 
divider that consists of series- 
connected capacitors. The amount of 
voltage across each capacitor is 
inversely proportional to its 
capacitance value. 

Coupling capacitor, Ce — a capacitor 
that is selected to pass ac signals 
above a specified frequency from one 
point in a circuit to another. The 
dividing line for calculating the 
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V the same across X¿ and R 


h= VI +12 


Va 


eT 


Z 


I. leads Ip by 90° 


l 
tan 0 = T 0, decreases as Xe 
R 


increases, resulting in less le 


coupling capacitance, C, is to make 
X< one-tenth the value of the series R. 
The value of C; is calculated for a 
specified frequency as a lower limit. 


Impedance, Z — the total opposition to 
the flow of current in a sine-wave AC 
circuit. In an RC circuit, the 
impedance, Z, takes into account the 
90° phase relation between X; and R. 
Impedance, Z, is measured in ohms. 


Phase angle, 0 — the angle between the 
generator voltage and current ina 
sine-wave ac circuit. 


Phasor triangle — a right triangle that 
represents the phasor sum of two 


quantities 90° out of phase with each 
other. 


RC phase-shifter — an application of a 
series RC circuit in which the output 
across either R or C provides a desired 
phase shift with respect to the input 
voltage. RC phase-shifter circuits are 
commonly used to control the 
conduction angle of semiconductors 
in power-control circuits. 


Tangent (tan) —a trigonometric 
function of an angle, equal to the 
ratio of the opposite side to the 
adjacent side of a right triangle. 
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Related Formulas 


Series RC Circuits 
V>=VVitV2 
Z =vyVR? +X? 


X 


R 


tan 0, =— 


Self-Test 


Answers at the back of the book. 


1. For a capacitor in a sine-wave AC 
circuit, 


a. Vs lags i. by 90°. 
b. ie leads Ve by 90°. 
c. ie and V. have the same frequency. 


d. all of the above. 


2. In a series RC circuit, 
a. V- leads V} by 90°. 
b. V- and / are in phase. 
c. Ve lags Vg by 90°. 
d. both b and c. 


3. Ina series RC circuit where V, =15V 
and V, = 20 V, how much is the total 
voltage, V}? 

a. 35V. 
b. 25V. 
c. 625 V. 
d. 5V. 


4. A10- Q resistor is in parallel with a 
capacitive reactance of 10 Q.The 
combined equivalent impedance, Z,., 
of this combination is 


a. 7.07 Q. 
b. 20 Q. 
c. 1414 Q. 
d: 5-0. 


5. In a parallel RC circuit, 
a. lę lags lg by 90°. 
b./, and /. are in phase. 
c. le leads |, by 90°. 


Parallel RC Circuits 


= Viel? 


6. Ina parallel RC circuit where 
Ip = 8 Aand/,=10A, how much is 
the total current, /,? 


a. 2A. 
b.12.81A. 
c. 18A. 

d. 164A. 


7. In a series RC circuit where R = Xo, 
the phase angle, 0,, is 


a. +45°. 
b. —90°. 
c. O°. 
d. —45°. 


8. A 10-4F capacitor, C}, and a 15-4F 


capacitor, C,, are connected in series 


with a 12-V,,, source. How much 
voltage is across C,? 


a. 4.8 V. 
B72 V: 
e; 12V. 
d. OV. 


9. The dividing line for a coupling 
capacitor at a specific frequency can 
be taken as 


a. X. 10 or more times the series 
resistance. 


b. X- equal to R. 


c. X- one-tenth or less the series 
resistance. 


d. none of the above. 


10.A100- Q resistance is in series with 


a capacitive reactance of 75 Q. 
The total impedance, Z,, is 


d. lg leads I. by 90°. 4 1250; 
b:25 Q. 
Essay Questions 
1. (a) Why does a capacitor charge when the applied 2. 


voltage increases? (b) Why does the capacitor discharge 
when the applied voltage decreases? 


Capacitive Circuits 


Series Capacitors 


11. 


12. 


13. 


14. 


15. 


G 
V= xV 


c.175Q. 
d. 15.625 kQ. 


In a series RC circuit, 
< and V, are in phase. 


a 
b. V and / are always in phase. 


o 


2 and / are in phase. 
d. V; leads / by 90°. 


In a parallel RC circuit, 
a. V, and /, are in phase. 
b. V, and le are in phase. 


c. le and hę are in phase. 


d. V, and /, are 90° out of phase. 


When the frequency of the applied 
voltage increases in a parallel RC 
circuit, 


a. the phase angle, 0, increases. 
b. Zea increases. 
C. Zgo decreases. 


d. both a and c. 


When the frequency of the applied 
voltage increases in a series RC 
circuit, 


a. the phase angle, 0, becomes more 
negative. 


b. Z increases. 
c. Z, decreases. 


d. both a and c. 


Capacitive reactance, X., 


a. applies only to nonsinusoidal 
waveforms or DC. 


b. applies only to sine waves. 


c. applies to either sinusoidal or 
nonsinusoidal waveforms. 


d. is directly proportional to frequency. 


A sine wave of voltage Vis applied across a capacitor C. 
(a) Draw the schematic diagram. (b) Draw the sine waves of 


voltage and current out of phase by 90°. (c) Draw a phasor 
diagram showing the phase angle of —90° between V and /. 
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3. Why will a circuit with R and X-in series be less 
capacitive as the frequency of the applied voltage is 
increased? 


4. Define the following: coupling capacitor, sawtooth 
voltage, capacitive voltage divider. 


5. State two troubles possible in coupling capacitors, and 
describe briefly how you would check the capacitor with an 
ohmmeter. 


Problems 


SECTION 18-1 SINE WAVE v, LAGS i, BY 90° 
18-1 In Fig. 18-11, what is the 
a. peak value of the capacitor voltage, V-? 
b. peak value of the charge and discharge current, i-? 
c. frequency of the charge and discharge current? 


d. phase relationship between V; and i-? 


Figure 18-11 


V, = 10 V Peak 


Xe =1kQ 
f =10 kHz 


ey 


18-2 In Fig. 18-11, what is the value of the capacitor 
current, ig, at the instant when V; equals 


a. its positive peak of +10 V? 
b. O V? 
c. its negative peak of —10 V? 


18-3 In Fig. 18-11, draw the phasors representing V; and ie 
using 


a. V. as the reference phasor. 


b. i. as the reference phasor. 


SECTION 18-2 X.-ANDRIN SERIES 

18-4 In Fig. 18-12, how much current, /, is flowing 
a. through the 30-Q resistor, R? 
b. through the 40-Q capacitive reactance, X<? 


c. to and from the terminals of the applied voltage, V}? 


Figure 18-12 


Vp = 60 V 


Xc=40Q Vi =80V 


574 


Explain the function of R and Cin an RC coupling circuit. 
Explain briefly why a capacitor can block DC voltage. 


What is the waveshape of i. for a sine wave vo? 


OP 0 NS 


Explain why the impedance Zgo of a parallel RC circuit 
decreases as the frequency increases. 


10. Explain why 0; in a series RC circuit increases (becomes 
more negative) as frequency decreases. 


18-5 In Fig. 18-12, what is the phase relationship between 
a. land V}? 

b./ and Ve? 

c. Ve and Vg? 


18-6 In Fig. 18—12, how much is the applied voltage, V;? 


18-7 Draw the phasor voltage triangle for the circuit in 
Fig. 18-12. (Use V} as the reference phasor.) 


18-8 In Fig. 18-13, solve for 


a. the resistor voltage, Vg. 


b. the capacitor voltage, Vi. 


c. the total voltage, V}. 


Figure 18-13 


R=2kQ 


Xo =15kQ 


18-9 In Fig. 18-14, solve for 
a. the resistor voltage, Vp. 
b. the capacitor voltage, Vo. 


c. the total voltage, V}. 


Figure 18-14 


R=50Q 


X.=502 


I =141.4 mA 


18-10 In a series RC circuit, solve for the applied voltage, V, if 
a. Vp=40V and V; = 40V. 
b. V = 10 V and V; =5V. 
c. Vz = 48 V and V, = 72V. 
d. V = 12V and V; = 18V. 
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SECTION 18-3 IMPEDANCE Z TRIANGLE 
18-11 In Fig. 18-15, solve for Z, l, Ve, Ve, and 6z. 


Figure 18-15 


R=15Q 


v, = 100 V Xo = 209 


18-12 Draw the impedance triangle for the circuit in 
Fig. 18-15. (Use R as the reference phasor.) 


18-13 In Fig. 18-16, solve for Z, l, Ve, Va, and 6z. 


Figure 18-16 


R=12Q 


V,=50V Xo = 18.2 


18-14 In Fig. 18-17, solve for Z, l, Ve, Va, and 6z. 


Figure 18-17 


R=1kQ 


V,=15V Xe =5kQ 


18-15 In Fig. 18-18, solve for Z, l, Ve, Va, and 6z. 


Figure 18-18 


R=10 kQ 


V, =24V Xo =3kQ 


18-16 In Fig. 18-19, solve for Z, l, Ve, Vg, and 0; for the 
following circuit values: 


a. X.=30Q,R=40Q, and V, =50V. 
b. X- = 200 Q, R= 200 Q, and V, = 56.56 V. 
c. X-=10Q,R=100Q, and V, = 10V. 
d.X.=100Q,R=10Q, and V, = 10V. 


Capacitive Circuits 


Figure 18-19 


18-17 In Fig. 18-20, solve for Xs, Z, 1, Ve, Vp, and 03. 


Figure 18-20 


R=3.9kQ 


V, =36V 


C = 0.01 uF 
f = 3183 kHz 


18-18 In Fig. 18—20, what happens to each of the following 
quantities if the frequency of the applied voltage 
increases? 


a. Xo 
b. Zy. 
l: 
d. Ve 
e. Vp. 
f. Os: 

18-19 Repeat Prob. 18—18 if the frequency of the applied 

voltage decreases. 


SECTION 18-4 RC PHASE-SHIFTER CIRCUIT 


18-20 With R set to 50 kQ in Fig. 18-21, solve for X.,Z;, l, Vp, 
V., and 65. 


Figure 18-21 


C=041 uF 


Vi = 120 Vac 
f= 60 Hz 

R = 0-100 kQ fi 

E output 


} 


18-21 With R set to 50 kQ in Fig. 18-21, what is the phase 
relationship between 


a. V, and V}? 
b. V, and V<? 


18-22 Draw the phasors for Vp, Ve and V; in Fig. 18—21 with 
R set at 50 kQ. Use V, as the reference phasor. 
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18-23 With R set at 1 kQ in Fig. 18-21, solve for 
a.Z,,1, Vp, Ve, and g: 
b. the phase relationship between V, and V}. 


c. the phase relationship between V, and V.. 


18-24 With R set at 100 kQ in Fig. 18-21, solve for 
a.Z;,1, Vp, Ve, and @,. 


b. the phase relationship between V, and Vg. 


c. the phase relationship between V, and V.. 


SECTION 18-5 X. ANDR IN PARALLEL 
18-25 In Fig. 18—22, how much voltage is across 
a. the 40-Q resistor, R? 
b. the 30-Q capacitive reactance, X? 


Figure 18-22 


V, = 120 V iTo X,=302 


18-26 In Fig. 18—22, what is the phase relationship between 
a. V, and /,? 
b. V, and le? 


c. le and Ip? 
18-27 In Fig. 18-22, solve for Ip, Ie, It, Zeas and 0.. 


18-28 Draw the phasor current triangle for the circuit in 
Fig. 18-22. (Use l} as the reference phasor.) 


18-29 In Fig. 18-23, solve for Ip, Ie, It, Zeas and 0.. 


Figure 18-23 
vV, = 100 V 


cae X= 252 


18-30 In Fig. 18-24, solve for lg, lo l Zea and @. 


Figure 18-24 


R 
Vy =12V iw X= 15 kQ 


18-31 In Fig. 18-25, solve for lp, Ic, h, Zeq, and 6). 


Figure 18-25 


Vy =18V 


18-32 In Fig. 18-26, solve for Ip, Ic, hr, Zeq, and 0.. 


Figure 18-26 


Va = 24V X_ = 80 


18-33 In Fig. 18-27, solve for Ig, Ic, hr, Zea» and @ for the 
following circuit values: 


a. R=50Q, X.=50Q, and V, = 50V. 
b. R=10 Q, X: = 100 Q, and V, = 20 V. 
c. R=100 Q, X- = 10 Q, and V, = 20V. 


Figure 18-27 


18-34 In Fig. 18-27, how much is Z,, if R = 60 Q and 
Xc = 80 Q? 


18-35 In Fig. 18-28, solve for Xe, Ip, les lr Zeq, and 0.. 


Figure 18-28 


ka 


I > 


y Il 
N 


AV 


arse C= 015 pF 


f. 


La. 


18-36 In Fig. 18-28, what happens to each of the following 
quantities if the frequency of the applied voltage 
increases? 


a. ly. 


b. Ic. 
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Cashes 
d. Zp. 
e. 6. 


18-37 Repeat Prob. 18-36 if the frequency of the applied 
voltage decreases. 


SECTION 18-6 RF AND AF COUPLING CAPACITORS 

18-38 In Fig. 18-29, calculate the minimum coupling 
capacitance, Ce, in series with the 1-kQ resistance, R, 
if the frequency of the applied voltage is 


a. 159.1 Hz. 
b. 1591 Hz. 
c. 15.91 kHz. 


Figure 18-29 


18-39 In Fig. 18-29, assume that C; = 0.047 uF and R= 1 kQ, 
as shown. For these values, what is the lowest 
frequency of the applied voltage that will provide an Xe 
of 100 Q? At this frequency, what is the phase angle, 03? 


SECTION 18-7 CAPACITIVE VOLTAGE DIVIDERS 
18-40 In Fig. 18-30, calculate the following: 

a. Xoo Xo Xo Xo and Xe. 

b.f 

c. Ves Vo Vep and Ve. 


Figure 18-30 


C, = 0.001 pF 


C, = 0.005 uF 

V,=30V 

f= 15.915 kHz C, = 0.022 pF 
C, = 0.22 uF 


Capacitive Circuits 


18-41 In Fig. 18-31, calculate Vo , Vo, and Vo. 


Figure 18-31 
C, = 0.02 uF 
+ 
v =80V = C, = 0.05 pF 
Cy = 04 pF 


SECTION 18-8 THE GENERAL CASE OF CAPACITIVE 
CURRENT, i. 


18-42 For the waveshape of capacitor voltage, V., in 
Fig. 18-32, show the corresponding charge and 
discharge current, iœ, with values for a 200-pF 
capacitance. 


Figure 18-32 


Vo V 


o C = 200 pF 
Time P 


18-43 In Fig. 18-33, show the corresponding charge and 
discharge current for the waveshape of capacitor 
voltage shown. 
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Figure 18-33 


Critical Thinking 


18-44 In Fig. 18-34, calculate X.,Z,,/,f, Vp and Vg. 


Figure 18-34 Circuit for Critical Thinking Prob. 18-44. 


Ve = 8.05 V 
C = 0.027 pF 


R=6002 


18-45 In Fig. 18-35, calculate le, Ip, Va, Xo» C, and Zgo- 


18-46 In Fig. 18-36, calculate le, /,, h Xo R, and C. 


Answers to Self-Reviews 18-1 


ooo 
O 
O 

o 


18-2 a. 0° 


18-3 


18-4 


w 
I 
Os 
W 
o] 
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C=0.05 pF 


Figure 18-35 Circuit for Critical Thinking Prob. 18-45. 


I; =500 mA 


R=120Q0 


6, = 53.13° 


Figure 18-36 Circuit for Critical Thinking Prob. 18-46. 


Va =24V 
Zeq =1kQ 
f=10 kHz 
6, = 30° 


. 2.828 A 
b. 45° 


. 35Q 
b. 2 pF 


. 18 kV; 
2 kv 
b. 120 Q 


. 1x106 V/s 
b. 300 pA 
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Laboratory Application Assignment 


In this lab application assignment, you will examine both series 
and parallel RC circuits. In the series RC circuit, you will 
measure the individual component voltages as well the circuit 
current and phase angle. In the parallel RC circuit, you will 
measure the individual branch currents, the total current, and 
the circuit phase angle. 


Equipment: Obtain the following items from your instructor. 


* Function generator 

* Oscilloscope 

+ Assortment of carbon-film resistors and plastic-film capacitors 
< DMM 


Series RC Circuit 


Examine the series RC circuit in Fig. 18-37. Calculate and 
record the following circuit values: 


Ke= a = F 
Y= Va 32 = 
Figure 18-37 
Channel 1 C=01pF Channel 2 
~ 
V, = 5 Vms = 
f= 500 Hz Rene ke 


Construct the circuit in Fig. 18-37. Set the total voltage, V}, to 
5 V rms and the frequency, f, to 500 Hz. Using a DMM, 
measure and record the following circuit values: 


I= V= Va = 


Using the measured values of V- and Vp, calculate the total voltage, 
V,,as V =y V? + V2. Does this value equal the applied voltage, 
V,, of 5 V2 . Using the measured values 

of voltage and current, calculate X, as V_// and Z, as 

VL Ke = jZ . Using Formula (18-3), 
determine the phase angle, 0z. 02 = . How do these 
values compare to those originally calculated? 


In the space provided below, draw the phasor voltage triangle, 
including the phase angle, @, for the circuit of Fig. 18-37. Use 
measured values for V}, Va and V,. 


Ask your instructor for assistance in using the oscilloscope to 
measure the phase angle, 0, in Fig. 18—37. Note the 
connections designated for channels 1 and 2 in the figure. 


Capacitive Circuits 


Parallel RC Circuit 


Examine the parallel RC circuit in Fig. 18-38a. Calculate and 
record the following circuit values: 

X= eS p= > 

AaS -20 = 

Construct the circuit in Fig. 18—38a. Set the applied voltage, V,, 
to 5 V rms and the frequency, f, to 500 Hz. Using a DMM, 
measure and record the following circuit values: 


l= T= n= 


Using the measured values of l and /,, calculate the total 


current, h, as h= y l +I2. 


Does this value agree with the measured value of total current? 
—— ~ Using the measured values of lą and /p, calculate 
the phase angle, 0, using Formula (18-6). 

a= . Also, calculate X; as Vi. and Zgo as Vly using 
measured values. X; = . How do 
these values compare to those originally calculated in 

Fig. 18-38a? 


Leg = 


n the space provided below, draw the phasor current triangle, 
including the phase angle, @,, for the circuit of Fig. 18—38a. Use 
measured values for le, Ik, and h. 


Ask your instructor for assistance in using the oscilloscope to 
measure the phase angle, @,, in Fig. 18-386. Note the 
connections designated for channel 1 and channel 2 in the 


figure. (The voltage drop across the sensing resistor (Rense) has 
the same phase as the total current, 4.) 
Figure 18-38 

Va = 5 Vims s 

f= 500 Hz PEE 

V, = 5 Vims a 

f=500 Hz (A) Beste 

Æ R =10Q°~ Channel 2 
(b) 
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Cumulative Review Summary (Chapters 16-18) 


e A capacitor consists of two metal 
plates separated by an insulator, which 
is a dielectric material. When voltage is 
applied to the metal plates, charge is 
stored in the dielectric. One coulomb 
of charge stored with 1 volt applied 
corresponds to 1 farad of capacitance C. 
The common units of capacitance are 
microfarads (1 pF = 10% F) or 
picofarads (1 pF = 107"? F). 


e Capacitance increases with plate area 
and larger values of dielectric con- 
stant but decreases with increased 
distance between plates. 


e The most common types of capacitors 
are air, plastic film, paper, mica, 
ceramic disk, surface—mount (chip), 
and electrolytic. Electrolytics must be 
connected in the correct polarity. The 
capacitance coding systems for film, 
ceramic disk, and tantalum capacitors 
are illustrated in Figs. 16-11, 16-13, 
and 16-18, respectively. The 
capacitance coding systems used with 
chip capacitors are illustrated in 
Figs. 16-15, 16-16, and 16-17. 


e The total capacitance of parallel 
capacitors is the sum of individual 
values; the combined equivalent 


Cumulative Self-Test 


Answers at the back of the book. 
Answer True or False. 


1.A capacitor can store electric charge 
because it has a dielectric between 
two metal plates. 


2. With 100-V applied, a 0.01—uF 
capacitor stores 1 uC of charge. 


3. The smaller the capacitance, the 
higher the potential difference 
across it for a given amount of 
charge stored in the capacitor. 


4. A 250-pF capacitance equals 
250x110" F, 


5. The thinner the dielectric, the greater 
the capacitance and the lower the 
breakdown voltage rating for a 
capacitor. 


6. Larger plate area increases 
capacitance. 
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10. 


11. 


12. 


13. 


14. 


capacitance of series capacitors is 
found by the reciprocal formula. 
These rules are opposite from the 
formulas used for resistors in series 
or parallel. 


When a good capacitor is checked 
with an analog ohmmeter, it shows 
charging current, and then the 
ohmmeter reads a very high value of 
ohms equal to the insulation 
resistance. A short-circuited 
capacitor reads zero ohms; an open 
capacitor does not show any charging 
current. 
Xc = 1/@afC) Q, where fis in hertz, 
Cis in farads, and X; is in ohms. The 
higher the frequency and the greater 
the capacitance, the smaller the X. 


The total X, of capacitive reactances 
in series equals the sum of the 
individual values, just as for series 
resistances. The series reactances 
have the same current. The voltage 
across each X equals /X.. 


With parallel capacitive reactances, 
the combined equivalent reactance is 
calculated using the reciprocal 
formula, as for parallel resistances. 
Each branch current equals V,/X-.. 


. Capacitors in series provide less 
capacitance but a higher breakdown 
voltage rating for the combination. 


. Capacitors in parallel increase the 
total capacitance with the same 
voltage rating. 


. Two 0.01-4F capacitors in paralle 
have a total C of 0.005 pF. 


A good 0.1-uF film capacitor will 
show charging current and read 
500 MQ or more on an ohmme 


ter. 


If the capacitance is doubled, the 
capacitive reactance is halved. 


If the frequency is doubled, the 
capacitive reactance is doubled. 


The capacitive reactance of a 0.1-4 F 
capacitor at 60 Hz is approximately 
60 Q. 


In a series RC circuit, the voltage 


across X; lags 90° behind the current. 


15 


16. 


17. 


18. 


19. 


20. 


21 


The total current is the sum of the 
individual branch currents. 


A common application of X- is in audio 
frequency (af) or radio frequency (rf) 
coupling capacitors, which have low 
reactance for higher frequencies but 
more reactance for lower frequencies. 


Reactance X, is a phasor quantity in 
which the voltage across the 
capacitor lags 90° behind its charge 
and discharge current. 


In a series RC circuit, Rand X; are 
added by phasors because the voltage 
drops are 90° out of phase. Therefore, 


the total impedance Z, = yR? + X2; 
the current |= V,/Z,. 


For parallel RC circuits, the resistive 
and capacitive branch currents are 
added by phasors, h = V//g+/2; the 
impedance Z¢9 = Vh. 

Capacitive charge or discharge 
current ic is equal to C(dv/dt) for any 
waveshape of vo. 


For a series capacitor, the amount of 
voltage drop is inversely proportional 
to its capacitance. The smaller the 
capacitance, the larger the voltage 
drop. 


. The phase angle of a series RC 
circuit can be any angle between 0° 
and —90°, depending on the ratio 
of X. to R. 


In a parallel RC circuit, the voltage 
across X; lags 90° behind its 
capacitive branch current. 


If a parallel circuit has two resist- 
ances with 1 Ain each branch, the 
total line current equals 1.414 A. 


A 1000-Q X; in parallel with a 1000-Q 
R has a combined Z of 707 Q. 


A 1000-Q X- in series with a 1000-2 


R has a total Z of 1414 Q. 


Neglecting its sign, the phase angle 
is 45° for both circuits in Probs. 
18and 19. 


. The total impedance of a 1-MQ Rin 
series with a 5-Q X-is approximately 
1 MQ with a phase angle of 0°. 
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22. The combined equivalent impedance 


23. 


24. 


25. 


26. 


27. 


28. 


of a 5-Q R in parallel with a 1-MQ 
X-is approximately 5 Q with a phase 
angle of O°. 


Both resistance and impedance are 
measured in ohms. 


The impedance Z of an RC circuit can 
change with frequency because the 
circuit includes reactance. 


Capacitors in series have the same 
charge and discharge current. 


Capacitors in parallel have the same 
voltage. 


The phasor combination of a 30-Q R 
in series with a 40-Q X, equals 70 Q 
of total impedance. 


A film capacitor coded 103 has a 
value of 0.001 pF. 


Design credit Multisim: ©Stockbyte/Getty Images 


Capacitive Circuits 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


Capacitive current can be considered 
eading current in a series circuit. 


n a series RC circuit, the higher the 
value of X., the greater its voltag 
drop compared with the /R drop. 


M 


Electrolytic capacitors typically have 
more leakage current than plastic- 
film capacitors. 


A 0.04-4F capacitor in series with a 
0.01-uF capacitor has a combined 
equivalent capacitance, Ceg of 
0.008 pF. 


A shorted capacitor measures 0 Q. 


An open capacitor measures infinite 
ohms. 


The X- of a capacitor is inversely 
proportional to both fand C. 


36. The equivalent 


38. The equivalent 


series resistance, 
ESR, of a capacitor can be measured 
with an ohmmeter. 


37. In an RC coupling circuit, the output 


is taken across C. 


impedance, Z,q, of a 
parallel RC circuit will decrease if the 
frequency of the applied voltage 
increases. 


39. Electrolytic capacitors usually have 


lower breakdown voltage ratings 
than mica, plastic film, and ceramic 
capacitors. 


40.A 10-uF and a 5-4F capacitor are in 


series with a DC voltage source. The 
10-yF capacitor will have the larger 
voltage drop. 
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Inductance 


nductance is the ability of a conductor to produce an induced voltage in itself when 
| the current varies. A long wire has more inductance than a short wire, since more 
conductor length cut by magnetic flux produces more induced voltage. Similarly, a 
coil has more inductance than the equivalent length of straight wire because the coil 
concentrates the magnetic flux. Components manufactured to have a definite value 
of inductance are coils of wire, called inductors. The symbol for inductance is L, and 
the unit is the henry (H). 


The wire for a coil can be wound around a hollow, insulating tube, or the coil can be 
just the wire itself. This type is called an air-core coil because the magnetic field of 
the current in the coil is in air. With another basic type, the wire is wound on an iron 
core to concentrate the magnetic flux for more inductance. 


Air-core coils are used in radio frequency (rf) circuits because higher frequencies 


need less L for the required inductive effect. lron-core inductors are used in the 
audio-frequency (af) range, especially at the AC power-line frequency of 60 Hz and 
for lower frequencies in general. E 


© Shaper outline 
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Core Losses 

Types of Cores 

Variable Inductance 
nductances in Series or Parallel 


Energy in a Magnetic Field of 
nductance 


Stray Capacitive and Inductive Effects 


Measuring and Testing Inductors 


After studying this chapter, you should be able to 


m Explain the concept of self-inductance. 

Ææ Define the henry unit of inductance and define 
mutual inductance. 

Œ Calculate the inductance when the induced voltage 
and rate of current change are known. 

Æ List the physical factors affecting the 
inductance of an inductor. 

Œ Calculate the induced voltage across an 
inductor, given the inductance and rate of 
current change. 


mg Explain how induced voltage opposes a 
change in current. 


m Describe how a transformer works and list 
important transformer ratings. 


® Calculate the currents, voltages, and 
impedances of a transformer circuit. 


m /dentify the different types of transformer 
cores. 


® Calculate the total inductance of series- 
connected inductors. 


Æ Calculate the combined equivalent 
inductance of parallel-connected inductors. 


m = List some common troubles with inductors. 


ferrite core 


henry (H) 


autotransformer 


coefficient of 


coupling, k impedance matching 
counter emf (cemf) inductance, L 
eddy current leakage flux 
efficiency Lenz’s law 


Inductance 


mutual inductance, 


Lm 


phasing dots 
reflected impedance 
series-aiding 


series-opposing 


stray capacitance 
stray inductance 
transformer 
turns ratio 

Variac 


volt-ampere (VA) 


583 


GOOD TO KNOW 


In Fig. 19-1, the rate of flux 
change is greatest when the 
alternating current passes through 
zero. Conversely, the rate of flux 
change is zero at the instant the 
alternating current reaches either 


of its two peak values. 
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19-1 Induction by Alternating Current 


Induced voltage is the result of flux cutting across a conductor. This action can be 
produced by physical motion of either the magnetic field or the conductor. When the 
current in a conductor varies in amplitude, however, the variations of current and its 
associated magnetic field are equivalent to motion of the flux. As the current 
increases in value, the magnetic field expands outward from the conductor. When 
the current decreases, the field collapses into the conductor. As the field expands 
and collapses with changes of current, the flux is effectively in motion. Therefore, a 
varying current can produce induced voltage without the need for motion of the 
conductor. 

Figure 19-1 illustrates the changes in the magnetic field of a sine wave of alter- 
nating current. Since the alternating current varies in amplitude and reverses in 
direction, its magnetic field has the same variations. At point A, the current is zero 
and there is no flux. At B, the positive direction of current provides some field lines 
taken here in the counterclockwise direction. Point C has maximum current and 
maximum counterclockwise flux. 

At D, there is less flux than at C. Now the field is collapsing because of reduced 
current. At E, with zero current, there is no magnetic flux. The field can be consid- 
ered as having collapsed into the wire. 

The next half-cycle of current allows the field to expand and collapse again, but 
the directions are reversed. When the flux expands at points F and G, the field lines 
are clockwise, corresponding to current in the negative direction. From G to H and 
I, this clockwise field collapses into the wire. 

The result of an expanding and collapsing field, then, is the same as that of a field 
in motion. This moving flux cuts across the conductor that is providing the current, 
producing induced voltage in the wire itself. Furthermore, any other conductor in 
the field, whether or not carrying current, also is cut by the varying flux and has 
induced voltage. 

It is important to note that induction by a varying current results from the change 
in current, not the current value itself. The current must change to provide motion of 
the flux. A steady direct current of 1000 A, as an example of a large current, cannot 
produce any induced voltage as long as the current value is constant. A current of 1 
HA changing to 2 “A, however, does induce voltage. Also, the faster the current 
changes, the higher the induced voltage because when the flux moves at a higher 
speed, it can induce more voltage. 

Since inductance is a measure of induced voltage, the amount of inductance has 
an important effect in any circuit in which the current changes. The inductance is an 


Figure 19-1 The magnetic field of an alternating current is effectively in motion as it 
expands and contracts with current variations. 
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PIONEERS 
IN ELECTRONICS 


The work of American physicist 
Joseph Henry (1797-1878) provided 
the basis for much of electrical 
technology. His primary 
contributions were in the field of 
electromagnetism. Henry was the 
first to wind insulated wires around 
an iron core to obtain powerful 
electromagnets. Further, he found 
that if a single cell is used for a 
given magnet, the magnet should 
be wound with several coils of wire 
in parallel; but if a battery of many 
cells is used, the magnet winding 
should be a single long wire. 
Pictured is an early electromagnet, 
which was built by Joseph Henry. 
Through his studies, Henry found 
that self-inductance is greatly 
affected by the configuration of a 
circuit, especially the coiling of the 
wire. Among Henry’s other credits 
are the invention of the electric 
motor and the development of the 
first electromagnetic telegraph, 


which formed the basis for the 


commercial telegraphic system. The 


unit of inductance, called the 


“henry,” was named in his honor. 


Inductance 


Stock Montage/Archive Photos/Cetty Images 


additional characteristic of a circuit beside its resistance. The characteristics of 
inductance are important in 


1. AC circuits. Here the current is continuously changing and producing 
induced voltage. Lower frequencies of alternating current require more 
inductance to produce the same amount of induced voltage as a higher- 
frequency current. The current can have any waveform, as long as the 
amplitude is changing. 

2. DC circuits in which the current changes in value. It is not necessary for 
the current to reverse direction. One example is a DC circuit turned on or 
off. When the direct current is changing between zero and its steady 
value, the inductance affects the circuit at the time of switching. This 
effect of a sudden change is called the circuit’s transient response. 

A steady direct current that does not change in value is not affected by 
inductance, however, because there can be no induced voltage without a 
change in current. 


E 719-1 Self-Review 


Answers at the end of the chapter. 


a. For the same number of turns and frequency, which has more 
inductance, a coil with an iron core or one without an iron core? 
b. In Fig. 19-1, are the changes of current faster at time B or C? 


19-2 Self-Inductance L 


The ability of a conductor to induce voltage in itself when the current changes is its 
self-inductance or simply inductance. The symbol for inductance is L, for linkages 
of the magnetic flux, and its unit is the henry (H). This unit is named after Joseph 
Henry (1797-1878). 


Definition of the Henry Unit 


As illustrated in Fig. 19-2, 1 henry is the amount of inductance that allows one volt 
to be induced when the current changes at the rate of one ampere per second. The 
formula is 

v 


Lea SA 


where v, is in volts and di/dt is the current change in amperes per second. 

Again the symbol d is used to indicate an infinitesimally small change in current 
with time. The factor di/dt for the current variation with respect to time specifies 
how fast the current’s magnetic flux is cutting the conductor to produce v,. 


Figure 19-2 When a current change of 1 A/s induces 1 V across L, its inductance 
equals 1 H. 


Ai =1 A/s 
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Example 19-1 

The current in an inductor changes from 12 to 16 A in 1 s. How much is the 
di/dt rate of current change in amperes per second? 

ANSWER The di is the difference between 16 and 12, or 4 A in 1 s. Then 


di _ 
at A/s 


Example 19-2 

The current in an inductor changes by 50 mA in 2 ws. How much is the di/dt 
rate of current change in amperes per second? 

ANSWER 


di _ 50X 103 _ ‘ 
dt 2x10° > * 


= 25,000 A/s 


Example 19-3 


How much is the inductance of a coil that induces 40 V when its current 
changes at the rate of 4 A/s? 


ANSWER 
—”% _40 
Ls diJ/dt 4 
=10H 


Example 19-4 


How much is the inductance of a coil that induces 1000 V when its current 
changes at the rate of 50 mA in 2 ps? 
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GOOD TO KNOW 


The inductance of a coil with a 
magnetic core will vary with the 
amount of current (both DC and 
AC) that passes through the coil. 
Too much current will saturate 
the magnetic core, thus reducing 
its permeability, “,, and in turn 
the inductance, L. Most iron-core 
inductors (also known as chokes) 
have an inductance rating at a 
predetermined value of direct 
current. As an example, an iron- 
core choke may have the 


following rating: 8.5 H @ 50 mA. 


Inductance 


ANSWER For this example, the 1/dt factor in the denominator of Formula 
(19-1) can be inverted to the numerator. 


v, v, X dt 


~ di / dt di 


—1x10x2x10“ 
50 x 10° 


—~ 2x10? _ 2 
50x 10% 50 


= 0.04 H or 40 mH 


Notice that the smaller inductance in Example 19-4 produces much more v, than 
the inductance in Example 19-3. The very fast current change in Example 19-4 is 
equivalent to 25,000 A/s. 


Inductance of Coils 


In terms of physical construction, the inductance depends on how a coil is wound. 
Note the following factors. 


1. A greater number of turns N increases L because more voltage can be 
induced. L increases in proportion to NV’. Double the number of turns in 
the same area and length increases the inductance four times. 

2. More area A enclosed by each turn increases L. This means that a coil 
with larger turns has more inductance. The L increases in direct 
proportion to A and as the square of the diameter of each turn. 

3. The L increases with the permeability of the core. For an air core, yu, is 1. 
With a magnetic core, L is increased by the p, factor because the 
magnetic flux is concentrated in the coil. 

4. The L decreases with more length for the same number of turns because 
the magnetic field is less concentrated. 


These physical characteristics of a coil are illustrated in Fig. 19-3. For a long 
coil, where the length is at least 10 times the diameter, the inductance can be calcu- 
lated from the formula 
N?XA 

l 
where L is in henrys, / is in meters, and A is in square meters. The constant factor 
1.26 x 10°° is the absolute permeability of air or vacuum in SI units to calculate L in 
henrys. 

For the air-core coil in Fig. 19-3, 


- 10*x 2x 10+ 
ae ae) 


= 12.6 x 10° H= 12.6 pH 


L=p,X x 1.26 x 10° H (19-2) 


x 1.26 x 10° 


Figure 19-3 Physical factors for inductance L of a coil. See text for calculating L. 


= 100 turns 


Gl D 


1=0.2m 
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Figure 19-4 Typical inductors with 


symbols. (a) Air-core coil used as rf choke. 


Length is 2 in. (b) lron-core coil used for 
60 Hz. Height is 2 in. 


Mark Steinmetz/McGraw-Hill Education 
(a) 


Cindy Schroeder/McGraw-Hill Education 


GOOD TO KNOW 


A steady DC current cannot 
induce a voltage in a coil because 


the magnetic flux is stationary. 
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This value means that the coil can produce a self-induced voltage of 12.6 „V when 
its current changes at the rate of 1 A/s because v, = L(di/dt). Furthermore, if the 
coil has an iron core with „u, = 100, then L will be 100 times greater. 


Typical Coil Inductance Values 


Air-core coils for rf applications have L values in millihenrys (mH) and microhenrys 
(uH). A typical air-core rf inductor (called a choke) is shown with its schematic 
symbol in Fig. 19—4a. Note that 


1mH=1 x 10°H 
1wH=1x10°H 


For example, an rf coil for the radio broadcast band of 535 to 1605 kHz may have an 
inductance L of 250 „H, or 0.250 mH. 

Iron-core inductors for the 60-Hz power line and for audio frequencies have 
inductance values of about 1 to 25 H. An iron-core choke is shown in Fig. 19—4b. 


E 719-2 Self-Review 
Answers at the end of the chapter. 
a. A coil induces 2 V with di/dt of 1 A/s. How much is L? 
b. A coil has L of 8 mH with 125 turns. If the number of turns is 
doubled, how much will L be? 


19-3 Self-Induced Voltage v, 


The self-induced voltage across an inductance L produced by a change in current 
di/dt can be stated as 
di 
v= Li (19-3) 
where v, is in volts, L is in henrys, and di/dt is in amperes per second. This formula 
is an inverted version of Formula (19-1), which defines inductance. 

Actually, both versions are based on Formula (14-5): v = M(d@/dt) for magne- 
tism. This gives the voltage in terms of the amount of magnetic flux cut by a con- 
ductor per second. When the magnetic flux associated with the current varies the 
same as i, then Formula (19-3) gives the same results for calculating induced volt- 
age. Also, remember that the induced voltage across the coil is actually the result of 
inducing electrons to move in the conductor, so that there is also an induced current. 
In using Formula (19-3) to calculate v,, multiply L by the di/dt factor. 


Example 19-5 


How much is the self-induced voltage across a 4-H inductance produced by a 
current change of 12 A/s? 


ANSWER 
v= L4 =4x12 


=48 V 
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GOOD TO KNOW 


Counter emf or back emf is also 


known as a bucking voltage. 


Inductance 


Example 19-6 


The current through a 200-mH L changes from 0 to 100 mA in 2 ws. How much 
is v? 


ANSWER 
v= Le 
_ -3 ~ 100 x 10° 
= 200 x 10 X- 10° 
= 10,000 V or 10 kV 


Note the high voltage induced in the 200-mH inductance because of the fast 
change in current. 

The induced voltage is an actual voltage that can be measured, although v, is 
produced only while the current is changing. When di/dt is present for only a short 
time, v, is in the form of a voltage pulse. For a sine-wave current, which is always 
changing, v, is a sinusoidal voltage 90° out of phase with į. 


E 719-3 Self-Review 
Answers at the end of the chapter. 


a. If Lis 2 Hand di/dt is 1 A/s, how much is v,? 
b. For the same coil, the di/dt is increased to 100 A/s. How much is v,? 


19-4 How v, Opposes a Change 
in Current 


By Lenz’s law, the induced voltage v, must produce current with a magnetic field 
that opposes the change of current that induces v,. The polarity of v,, therefore, 
depends on the direction of the current variation di. When di increases, v, has polar- 
ity that opposes the increase in current; when di decreases, v, has opposite polarity 
to oppose the decrease in current. 

In both cases, the change in current is opposed by the induced voltage. Other- 
wise, v, could increase to an unlimited amount without the need to add any work. 
Inductance, therefore, is the characteristic that opposes any change in current. This 
is the reason that an induced voltage is often called a counter emf or back emf. 

More details of applying Lenz’s law to determine the polarity of v, in a circuit are 
shown in Fig. 19-5. Note the directions carefully. In Fig. 19—5a, the electron flow is 
into the top of the coil. This current is increasing. By Lenz’s law, v, must have the 
polarity needed to oppose the increase. The induced voltage shown with the top side 
negative opposes the increase in current. The reason is that this polarity of v, can 
produce current in the opposite direction, from minus to plus in the external circuit. 
Note that for this opposing current, v, is the generator. This action tends to keep the 
current from increasing. 

In Fig. 19-5), the source is still producing electron flow into the top of the coil, 
but i is decreasing because the source voltage is decreasing. By Lenz’s law, v, must 
have the polarity needed to oppose the decrease in current. The induced voltage 
shown with the top side positive now opposes the decrease. The reason is that this 
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Figure 19-5 Determining the polarity of v, that opposes the change in i. (a) The i is 
increasing, and v has the polarity that produces an opposing current. (b) The jis decreasing, 
and v, produces an aiding current. (c) The iis increasing but is flowing in the opposite 
direction. (d) The same direction of jas in (©) but with decreasing values. 


Ts 


--> 
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1 į decreasing 
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(c) (a) 


polarity of v, can produce current in the same direction, tending to keep the current 
from decreasing. 

In Fig. 19-5c, the voltage source reverses polarity to produce current in the 
opposite direction, with electron flow into the bottom of the coil. The current in this 
reversed direction is now increasing. The polarity of v, must oppose the increase. As 
shown, now the bottom of the coil is made negative by v, to produce current oppos- 
ing the source current. Finally, in Fig. 19-5d, the reversed current is decreasing. 
This decrease is opposed by the polarity shown for v, to keep the current flowing in 
the same direction as the source current. 

Notice that the polarity of v, reverses for either a reversal of direction for i or a 
reversal of change in di between increasing or decreasing values. When both the 
direction of the current and the direction of change are reversed, as in a comparison 
of Fig. 19-5a and d, the polarity of v, remains unchanged. 

Sometimes the formulas for induced voltage are written with minus signs to 
indicate that v, opposes the change, as specified by Lenz’s law. However, the nega- 
tive sign is omitted here so that the actual polarity of the self-induced voltage can be 
determined in typical circuits. 

In summary, Lenz’s law states that the reaction v, opposes its cause, which is the 
change in i. When / is increasing, v, produces an opposing current. For the opposite 
case when i is decreasing, v, produces an aiding current. 


E 19-4 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 19-5a and b, the v, has opposite polarities. (True/False) 
b. In Fig. 19-55 and c, the polarity of v, is the same. (True/False) 


19-5 Mutual Inductance L m 


When the current in an inductor changes, the varying flux can cut across any other 
inductor nearby, producing induced voltage in both inductors. In Fig. 19-6, the coil 
L, is connected to a generator that produces varying current in the turns. The wind- 
ing L, is not connected to L,, but the turns are linked by the magnetic field. A 
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GOOD TO KNOW 


In Fig. 19-6, the induced voltage 
across L, can be determined if L,, 


Ly, and V, , are known. The 


i =M 
formula is Yi =T X Vi 


Figure 19-7 Schematic symbols for 
two coils with mutual inductance. (a) Air 
core. (b) Iron core. 


Figure 19-6 Mutual inductance L,, between L and L, linked by magnetic flux. 


Magnetic flux 


varying current in L,, therefore, induces voltage across L, and across L,. If all flux 
of the current in L, links all turns of the coil L,, each turn in L, will have the same 
amount of induced voltage as each turn in L,. Furthermore, the induced voltage v, | 
can produce current in a load resistance connected across L,. 

When the induced voltage produces current in L,, its varying magnetic field 
induces voltage in L,. The two coils, L, and L,, have mutual inductance, therefore, 
because current in one can induce voltage in the other. 

The unit of mutual inductance is the henry, and the symbol is Ly. Two coils have 
Ly, of 1 H when a current change of 1 A/s in one coil induces I V in the other coil. 

The schematic symbol for two coils with mutual inductance is shown in 
Fig. 19-7a for an air core and in Fig. 19—7b for an iron core. Iron increases the 
mutual inductance, since it concentrates magnetic flux. Any magnetic lines that do 
not link the two coils result in leakage flux. 


Coefficient of Coupling 


The fraction of total flux from one coil linking another coil is the coefficient of 
coupling k between the two coils. As examples, if all the flux of L, in Fig. 19-6 
links L,, then k equals 1, or unity coupling; if half the flux of one coil links the other, 
k equals 0.5. Specifically, the coefficient of coupling is 


flux linkages between L, and L, 


flux produced by L, 


There are no units for k, because it is a ratio of two values of magnetic flux. The value 
of kis generally stated as a decimal fraction, like 0.5, rather than as a percent. 

The coefficient of coupling is increased by placing the coils close together, pos- 
sibly with one wound on top of the other, by placing them parallel rather than per- 
pendicular to each other, or by winding the coils on a common iron core. Several 
examples are shown in Fig. 19-8. 


Figure 19-8 Examples of coupling between two coils linked by L,,. (a) L, or L, on paper or plastic form with air core; kis 0.1. (b) L, wound 
over L, for tighter coupling; kis 0.3. (©) L and L, on the same iron core; kis 1. (d) Zero coupling between perpendicular air-core coils. 


(a) 
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O O L, 
L L L, L; 
ol Y Yio 
L2 
(b) (c) (a) 
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A high value of k, called tight coupling, allows the current in one coil to induce 
more voltage in the other coil. Loose coupling, with a low value of k, has the oppo- 
site effect. In the extreme case of zero coefficient of coupling, there is no mutual 
inductance. Two coils may be placed perpendicular to each other and far apart for 
essentially zero coupling to minimize interaction between the coils. 

Air-core coils wound on one form have values of k equal to 0.05 to 0.3, 
approximately, corresponding to 5 to 30% linkage. Coils on a common iron core can 
be considered to have practically unity coupling, with k equal to 1. As shown in 
Fig. 19-8c, for both windings L, and L,, practically all magnetic flux is in the com- 
mon iron core. Mutual inductance is also called mutual coupling. 


Example 19-7 


A coil L, produces 80 «Wb of magnetic flux. Of this total flux, 60 „Wb are 
linked with L,. How much is k between L, and L,? 


ANSWER 
k= 60 uWb 
~ 80 uWb 
=0.75 


Example 19-8 


A 10-H inductance L, on an iron core produces 4 Wb of magnetic flux. Another 
coil L, is on the same core. How much is k between L, and L,? 


ANSWER Unity or 1. All the coils on a common iron core have practically 
perfect coupling. 


Calculating L m 


Mutual inductance increases with higher values for the primary and secondary 
inductances and tighter coupling: 


Lu =kVL, x L, (19-4) 
where L, and L, are the self-inductance values of the two coils, k is the coefficient 
of coupling, and Ly is the mutual inductance linking L, and L,, in the same units as 
L, and L,. The k factor is needed to indicate the flux linkages between the two coils. 

As an example, suppose that L, = 2 H and L, = 8 H, with both coils on an iron 
core for unity coupling. Then the mutual inductance is 


Lu =1V2x8= Vi6=4H 


The value of 4 H for Ly in this example means that when the current changes at the 
rate of 1 A/s in either coil, it will induce 4 V in the other coil. 


Chapter 19 


CALCULATOR 


To do Example 19-9 ona 
calculator that does not have an 
key, multiply L, x L, take 
the square root of the product, 
and multiply by k. Keep the 
powers of 10 separate. 
Specifically, punch in 400 for L,, 
push the (x) key, punch in 400 
for L,, and push the O key for 
the product, 16,000. Press 

the V) key, which is sometimes 
theQ™F) of the GÒ key, to get 
400. While 

it is on the display, push the (x) 
key, punch in 0.2, and press the 
© key for the answer of 80. For 
the powers of 10, 10°? x 107 = 
10%, and the square root is equal 
to 10°? for the unit of millihenry 


in the answer. 


For Example 19-10, the formula is 
Ly divided by VERE: Specifically, 
punch in 40 for the value in the 
numerator, press the(=) key, then 
the (key, multiply 400 x 400, 
and press the Q) key, followed by 
the (Vv) and ©) keys. The display 
will read 0.1. The powers of 10 cancel 
with 107 in the numerator and 
denominator. Also, there are no units 


for k, since the units of L cancel. 


Inductance 


Example 19-9 


Two 400-mH coils L, and L, have a coefficient of coupling k equal to 0.2. 
Calculate Ly,. 


ANSWER 


Ly =kvVL,xL, 
= 0.2400 x 1073 x 400 x 1073 
= 0.2 x 400 x 10-3 
= 80 x 10-7 H or 80 mH 


Example 19-10 


If the two coils in Example 19-9 had a mutual inductance Ly of 40 mH, how 
much would k be? 


ANSWER Formula (19-4) can be inverted to find k. 
L 


M 
„Lix L, 
Z 40 x 10-3 
400 x 10-3 x 400 x 1073 


_ 40x 10 
400 x 107 
=0.1 


Notice that the same two coils have one-half the mutual inductance L,, because 


the coefficient of coupling k is 0.1 instead of 0.2. 


E 79-5 Self-Review 


Answers at the end of the chapter. 

a. All flux from the current in L, links L,. How much is the coefficient 
of coupling k? 

b. Mutual inductance Ly is 9 mH with k of 0.2. If k is doubled to 0.4, 
how much will L,, be? 


19-6 Transformers 


The transformer is an important application of mutual inductance. As shown in 
Fig. 19-9, a transformer has a primary winding inductance L, connected to a volt- 
age source that produces alternating current, and the secondary winding inductance 
L, is connected across the load resistance R,. The purpose of the transformer is to 
transfer power from the primary, where the generator is connected, to the secondary, 
where the induced secondary voltage can produce current in the load resistance that 
is connected across Lg. 
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Figure 19-9 _ lron-core transformer with a 1:10 turn ratio. Primary current 
|, induces secondary voltage V;, which produces current in secondary load R,. 


Np = N= 
10 turns 100 turns 


Velp = Vsls 


Figure 19-10 (a) Air-core rf transformer. Height is 2 in. (b) Color code and typical 
DC resistance of windings. 


p= Rs = 
40 Q 42 
Red Black or 
white 
(6) 


Although the primary and secondary are not physically connected to each other, 
power in the primary is coupled into the secondary by the magnetic field linking the 
two windings. The transformer is used to provide power for the load resistance R,, 
instead of connecting R, directly across the generator, whenever the load requires an 
AC voltage higher or lower than the generator voltage. By having more or fewer turns 
in L,, compared with Lp, the transformer can step up or step down the generator volt- 
age to provide the required amount of secondary voltage. Typical transformers are 
shown in Figs. 19-10 and 19-11. Note that a steady DC voltage cannot be stepped up 
or down by a transformer because a steady current cannot produce induced voltage. 


Figure 19-11 lron-core power 
transformer. 


Turns Ratio 


The ratio of the number of turns in the primary to the number in the secondary is the 
turns ratio of the transformer: 


. N, P 
Turns ratio = WN. (19-5) 


S 
where Np = number of turns in the primary and N, = number of turns in the second- 


ary. For example, 500 turns in the primary and 50 turns in the secondary provide a 
turns ratio of °°%o, or 10:1, which is stated as “ten-to-one.” 
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Voltage Ratio 


With unity coupling between primary and secondary, the voltage induced in each 
turn of the secondary is the same as the self-induced voltage of each turn in the 
primary. Therefore, the voltage ratio is in the same proportion as the turns ratio: 


V _ Np 
v. = J (19—6) 
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GOOD TO KNOW 


The turns ratio N,/N, is sometimes 
represented by the lowercase 


letter a, where a = N/N. 
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When the secondary has more turns than the primary, the secondary voltage is 
higher than the primary voltage and the primary voltage is said to be stepped up. 
This principle is illustrated in Fig. 19-9 with a step-up ratio of '%o, or 1:10. When 
the secondary has fewer turns, the voltage is stepped down. 

In either case, the ratio is in terms of the primary voltage, which may be stepped 
up or down in the secondary winding. 

These calculations apply only to iron-core transformers with unity coupling. Air- 
core transformers for rf circuits (as shown in Fig. 19-10a) are generally tuned to 
resonance. In this case, the resonance factor is considered instead of the turns ratio. 


Example 19-11 


A power transformer has 100 turns for N, and 600 turns for Ns. What is the turns 
ratio? How much is the secondary voltage V, if the primary voltage V, is 120 V? 


ANSWER The turns ratio is '°%oo, or 1:6. Therefore, V, is stepped up by the 
factor 6, making V, equal to 6 x 120, or 720 V. 


Example 19-12 


A power transformer has 100 turns for N, and 5 turns for N,. What is the turns 
ratio? How much is the secondary voltage V, with a primary voltage of 120 V? 


ANSWER The turns ratio is '°%, or 20:1. The secondary voltage is stepped 
down by a factor of 20, making V, equal to '°%o, or 6 V. 


Secondary Current 


By Ohm’s law, the amount of secondary current equals the secondary voltage 
divided by the resistance in the secondary circuit. In Fig. 19-9, with a value of 100 
Q for R, and negligible coil resistance assumed, 


Power in the Secondary 


The power dissipated by R, in the secondary is 74 x R, or V, X Is, which equals 
100 W in this example. The calculations are 


P=I2xR,=1x100=100W 
P=V,x1,=100x 1=100W 


It is important to note that power used by the secondary load, such as R, in 
Fig. 19-9, is supplied by the generator in the primary. How the load in the secondary 
draws power from the generator in the primary can be explained as follows. 

With current in the secondary winding, its magnetic field opposes the varying flux 
of the primary current. The generator must then produce more primary current to 
maintain the self-induced voltage across L, and the secondary voltage developed in L, 
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by mutual induction. If the secondary current doubles, for instance, because the load 
resistance is reduced by one-half, the primary current will also double in value to 
provide the required power for the secondary. Therefore, the effect of the secondary- 
load power on the generator is the same as though R, were in the primary, except that 
the voltage for R, in the secondary is stepped up or down by the turns ratio. 


Current Ratio 


With zero losses assumed for the transformer, the power in the secondary equals the 
power in the primary: 


Vile= Vole (19-7) 
or 

L V 

S__ P — 

Lv, (19-8) 


The current ratio is the inverse of the voltage ratio, that is, voltage step-up in the 
secondary means current step-down, and vice versa. The secondary does not generate 
power but takes it from the primary. Therefore, the current step-up or step-down is in 
terms of the secondary current /,, which is determined by the load resistance across 
the secondary voltage. These points are illustrated by the following two examples. 


Example 19-13 


A transformer with a 1:6 turns ratio has 720 V across 7200 Q in the secondary. 
(a) How much is /,? (b) Calculate the value of 7. 


ANSWER 


Vs _ 720V 
@ L=R= 73000 
=0.1A 
(b) With a turns ratio of 1:6, the current ratio is 6:1. Therefore, 
,=6X1,=6x0.1 


=0.6A 


Example 19-14 


A transformer with a 20:1 voltage step-down ratio has 6 V across 0.6 Q in the 
secondary. (a) How much is /,? (b) How much is 4? 


ANSWER 
Vs 6V 
@ k= R060 
=10A 
(b) Ip = Yo X Ig = Yo x 10 
=0.5 A 
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Up until the invention of solid- 
state power control devices, 
autotransformers were used in 


theatrical stage lighting. 
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Figure 19-12 Total power used by two secondary loads R, and R, is equal to the power 
supplied by the source in the primary. 


As an aid in these calculations, remember that the side with the higher voltage 
has the lower current. The primary and secondary V and J are in the same proportion 
as the number of turns in the primary and secondary. 


Total Secondary Power Equals Primary Power 


Figure 19-12 illustrates a power transformer with two secondary windings L, and 
L,. There can be one, two, or more secondary windings with unity coupling to the 
primary as long as all the windings are on the same iron core. Each secondary wind- 
ing has induced voltage in proportion to its turns ratio with the primary winding, 
which is connected across the 120 V source. 

The secondary winding L, has a voltage step-up of 6:1, providing 720 V. The 
7200-Q load resistance R,, across L,, allows the 720 V to produce 0.1 A for J, in this 
secondary circuit. The power here is 720 V x 0.1 A= 72 W. 

The other secondary winding L, provides voltage step-down with the ratio 20:1, 
resulting in 6 V across R,. The 0.6-Q load resistance in this circuit allows 10 A for 
I,. Therefore, the power here is 6 V x 10 A, or 60 W. Since the windings have sepa- 
rate connections, each can have its individual values of voltage and current. 

The total power used in the secondary circuits is supplied by the primary. In this 
example, the total secondary power is 132 W, equal to 72 W for P, and 60 W for P,. 
The power supplied by the 120-V source in the primary then is 72 + 60 = 132 W. 

The primary current /, equals the primary power P, divided by the primary volt- 
age V,. This is 132 W divided by 120 V, which equals 1.1 A for the primary current. 
The same value can be calculated as the sum of 0.6 A of primary current providing 
power for L, plus 0.5 A of primary current for L,, resulting in the total of 1.1 A as 
the value of J,. 

This example shows how to analyze a loaded power transformer. The main idea 
is that the primary current depends on the secondary load. The calculations can be 
summarized as follows: 


1. Calculate V, from the turns ratio and V,. 
Use V, to calculate J,: 1, = V;/R,- 

Use I, to calculate P,: P = V; xX Is. 

Use P, to find Pp: Pp = Ps. 

Finally, 7, can be calculated: J, = P, / Vp. 


nep 


With more than one secondary, calculate each /, and P,. Then add all P, values for 
the total secondary power, which equals the primary power. 


Autotransformers 


As illustrated in Fig. 19-13, an autotransformer consists of one continuous coil 
with a tapped connection such as terminal 2 between the ends at terminals 1 and 3. 
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Figure 19-13 Autotransformer with tap at terminal 2 for 10 turns of the complete 
60-turn winding. (a) Vp between terminals 1 and 2 stepped up across 1 and 3. (b) Vp between 
terminals 1 and 3 stepped down across 1 and 2. 


(a) (b) 


In Fig. 19-13a, the autotransformer steps up the generator voltage. Voltage V, between 
1 and 2 is connected across part of the total turns, and V, is induced across all the 
turns. With six times the turns for the secondary voltage, V; also is six times Vp. 

In Fig. 19-13, the autotransformer steps down the primary voltage connected 
across the entire coil. Then the secondary voltage is taken across less than the total 
turns. 

The winding that connects to the voltage source to supply power is the primary, 
and the secondary is across the load resistance R,. The turns ratio and voltage ratio 
apply the same way as in a conventional transformer having an isolated secondary 
winding. 

Autotransformers are used often because they are compact and efficient and usu- 
ally cost less since they have only one winding. Note that the autotransformer in 
Fig. 19-13 has only three leads, compared with four leads for the transformer in 
Fig. 19-9 with an isolated secondary. 


Isolation of the Secondary 


In a transformer with a separate winding for L,, as shown in Fig. 19-9, the second- 
ary load is not connected directly to the AC power line in the primary. This isolation 
is an advantage in reducing the chance of electric shock. With an autotransformer, as in 
Fig. 19-13, the secondary is not isolated. Another advantage of an isolated second- 
ary is that any direct current in the primary is blocked from the secondary. Some- 
times a transformer with a 1:1 turns ratio is used for isolation from the AC power line. 


Transformer Efficiency 
Efficiency is defined as the ratio of power out to power in. Stated as a formula, 


% Efficiency = =o x 100 (19-9) 
For example, when the power out in watts equals one-half the power in, the effi- 
ciency is one-half, which equals 0.5 x 100%, or 50%. In a transformer, power out is 
secondary power, and power in is primary power. 

Assuming zero losses in the transformer, power out equals power in and the effi- 
ciency is 100%. Actual power transformers, however, have an efficiency slightly 
less than 100%. The efficiency is approximately 80 to 90% for transformers that 
have high power ratings. Transformers for higher power are more efficient because 
they require heavier wire, which has less resistance. In a transformer that is less than 
100% efficient, the primary supplies more than the secondary power. The primary 
power that is lost is dissipated as heat in the transformer, resulting from FR in the 
conductors and certain losses in the core material. The R of the primary winding is 


generally about 10 Q or less for power transformers. 
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Answers at the end of the chapter. 


a. A transformer connected to the 120-V,,. power line has a turns ratio 
of 1:2. Calculate the stepped-up Vo. 

A V, of 240 V is connected across a 2400-Q R,. Calculate I. 

An autotransformer has an isolated secondary. (True/False) 

d. With more J, for the secondary load, does the J, increase or decrease? 


o > 


19-7 Transformer Ratings 


Like other components, transformers have voltage, current, and power ratings that 
must not be exceeded. Exceeding any of these ratings will usually destroy the 
transformer. What follows is a brief description of the most important transformer 
ratings. 


Voltage Ratings 


Manufacturers of transformers always specify the voltage rating of the primary and 
secondary windings. Under no circumstances should the primary voltage rating be 
exceeded. In many cases, the rated primary and secondary voltages are printed on the 
transformer. For example, consider the transformer shown in Fig. 19-14a. Its rated 
primary voltage is 120 V, and its secondary voltage is specified as 12.6—-0-12.6, 
which indicates that the secondary is center-tapped. The notation 12.6—0-12.6 indi- 
cates that 12.6 V is available between the center tap connection and either outside 
secondary lead. The total secondary voltage available is 2 x 12.6 V or 25.2 V. In Fig. 
19-14a, the black leads coming out of the top of the transformer provide connection 
to the primary winding. The two yellow leads coming out of the bottom of the trans- 
former provide connection to the outer leads of the secondary winding. The bottom 
middle black lead connects to the center tap on the secondary winding. 

Note that manufacturers may specify the secondary voltages of a transformer 
differently. For example, the secondary in Fig. 19—14a may be specified as 25.2 V 
CT, where CT indicates a center-tapped secondary. Another way to specify the sec- 
ondary voltage in Fig. 19—14a would be 12.6 V each side of center. 

Regardless of how the secondary voltage of a transformer is specified, the rated 
value is always specified under full-load conditions with the rated primary voltage 
applied. A transformer is considered fully loaded when the rated current is drawn 
from the secondary. When unloaded, the secondary voltage will measure a value 


Figure 19-14 Transformer with primary and secondary voltage ratings. (a) Top black leads are primary leads. Yellow and black 
leads on bottom are secondary leads. (b) Schematic symbol. 
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(a) 
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Black 


Secondary voltages 
specified under 
full-load conditions 


120 V = Rated primary voltage 


12.6 V 


(b) 
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Figure 19-15 Transformer with multiple primary windings. (a) Phasing dots show primary leads with same instantaneous polarity. 
(b) Primary windings connected in series to work with a primary voltage of 240 V; N/N; = 10:1. (c) Primary windings connected in parallel to 
work with a primary voltage of 120 V; N/N; = 5:1. 
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120 V Primary 


120 V Primary 


Phasing dots Np: Ng 
10:1 
o 
Vs = 24 Vac Vp = 240 Vac Vs = 24 Vac 
e@ 
(a) (6) 
Np: Ng 
51 
Vp = 120 Vac 
Vs = 24 Vac 


(c) 


that is approximately 5 to 10% higher than its rated value. Let’s use the transformer 
in Fig. 19-14a as an example. It has a rated secondary current of 2 A. If 120 V is 
connected to the primary and no load is connected to the secondary, each half of the 
secondary will measure somewhere between 13.2 and 13.9 V approximately. How- 
ever, with the rated current of 2 A drawn from the secondary, each half of the sec- 
ondary will measure approximately 12.6 V. 

Figure 19—14b shows the schematic diagram for the transformer in Fig. 19-14a. 
Notice that the colors of each lead are identified for clarity. 

As you already know, transformers can have more than one secondary winding. 
They can also have more than one primary winding. The purpose is to allow using 
the transformer with more than one value of primary voltage. Figure 19-15 shows a 
transformer with two separate primaries and a single secondary. This transformer 
can be wired to work with a primary voltage of either 120 or 240 V. For either value 
of primary voltage, the secondary voltage is 24 V. Figure 19—15a shows the indi- 
vidual primary windings with phasing dots to identify those leads with the same 
instantaneous polarity. Figure 19-15 shows how to connect the primary windings 
to 240 V. Notice the connections of the leads with the phasing dots. With this con- 
nection, each half of the primary voltage is in the proper phase to provide a series- 
aiding connection of the induced voltages. Furthermore, the series connection of 
the primary windings provides a turns ratio N,/N, of 10:1, thus allowing a second- 
ary voltage of 24 V. Figure 19-15c shows how to connect the primaries to 120 V. 
Again, notice the connection of the leads with the phasing dots. When the primary 
windings are in parallel, the total primary current J, is divided evenly between the 
windings. The parallel connection also provides a turns ratio N,/N, of 5:1, thus 
allowing a secondary voltage of 24 V. 

Figure 19-16 shows a transformer that can operate with a primary voltage of 
either 120 or 440 V. In this case, only one of the primary windings is used with a 


Chapter 19 


Inductance 


Figure 19-16 Transformer that has two primaries, which are used separately and never 
together. 


Primary winding 


Secondary winding 


120 V Primary winding 


given primary voltage. For example, if 120 V is applied to the lower primary, the 
upper primary winding is not used. Conversely, if 440 V is applied to the upper 
primary, the lower primary winding is not used. 


Current Ratings 


Manufacturers of transformers usually specify current ratings only for the secondary 
windings. The reason is quite simple. If the secondary current is not exceeded, there 
is no possible way the primary current can be exceeded. If the secondary current 
exceeds its rated value, excessive FR losses will result in the secondary winding. 
This will cause the secondary, and perhaps the primary, to overheat, thus eventually 
destroying the transformer. The IR voltage drop across the secondary windings is 
the reason that the secondary voltage decreases as the load current increases. 


Example 19-15 


In Fig. 19-14, calculate the primary current /, if the secondary current /, 
equals its rated value of 2 A. 


ANSWER Rearrange Formula (19-8) and solve for the primary current Z. 


=042A or 420 mA 


Power Ratings 


The power rating of a transformer is the amount of power the transformer can 
deliver to a resistive load. The power rating is specified in volt-amperes (VA) rather 
than watts (W) because the power is not actually dissipated by the transformer. The 
product VA is called apparent power, since it is the power that is apparently used by 
the transformer. The unit of apparent power is VA because the watt unit is reserved 
for the dissipation of power in a resistance. 

Assume that a power transformer whose primary and secondary voltage ratings 
are 120 and 25 V, respectively, has a power rating of 125 VA. What does this mean? 
It means that the product of the transformer’s primary, or secondary, voltage and 
current must not exceed 125 VA. If it does, the transformer will overheat and be 
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Figure 19-17 The 
secondary load impedance Z, is reflected 
back into the primary as a new value that 
is proportional to the square of the turns 
ratio, Npo/Ne. 
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destroyed. The maximum allowable secondary current for this transformer can be 
calculated as 


I _ 125 VA 
S(max) 25 V 
Limay = 5 A 
The maximum allowable primary current can be calculated as 
I _ 125 VA 
P(max) 7 120 V 
I = 1.04A 


P(max) 


With multiple secondary windings, the VA rating of each individual secondary 
may be given without any mention of the primary VA rating. In this case, the sum 
of all secondary VA ratings must be divided by the rated primary voltage to deter- 
mine the maximum allowable primary current. 

In summary, you will never overload a transformer or exceed any of its maxi- 
mum ratings if you obey two fundamental rules: 


1. Never apply more than the rated voltage to the primary. 
2. Never draw more than the rated current from the secondary. 


Frequency Ratings 


All transformers have a frequency rating that must be adhered to. Typical frequency 
ratings for power transformers are 50, 60, and 400 Hz. A power transformer with a 
frequency rating of 400 Hz cannot be used at 50 or 60 Hz because it will overheat. 
However, many power transformers are designed to operate at either 50 or 60 Hz 
because many types of equipment may be sold in both Europe and the United States, 
where the power-line frequencies are 50 and 60 Hz, respectively. Power transformers 
with a 400-Hz rating are often used in aircraft because these transformers are much 
smaller and lighter than 50- or 60-Hz transformers having the same power rating. 


E 19-7 Self-Review 
Answers at the end of the chapter. 


a. The measured voltage across an unloaded secondary is usually 5 to 
10% higher than its rated value. (True/False) 

b. The current rating of a transformer is usually specified only for the 
secondary windings. (True/False) 

c. A power rating of 300 VA for a transformer means that the 
transformer secondary must be able to dissipate this amount of 
power. (True/False) 


19-8 Impedance Transformation 


Transformers can be used to change or transform a secondary load impedance to a 
new value as seen by the primary. The secondary load impedance is said to be 
reflected back into the primary and is therefore called a reflected impedance. The 
reflected impedance of the secondary may be stepped up or down in accordance 
with the square of the transformer turns ratio. 

By manipulating the relationships between the currents, voltages, and turns ratio 
in a transformer, an equation for the reflected impedance can be developed. This 
relationship is 


z=% x Z, (19-10) 


where Z, = primary impedance and Z, = secondary impedance (see Fig. 19—17). If 
the turns ratio N,/N, is greater than 1, Z, will be stepped up in value. Conversely, if 
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GOOD TO KNOW 


If the secondary impedance, Zs, 

of a transformer is capacitive or 
inductive in nature, the reflected 
impedance will also be capacitive 


or inductive in nature. 
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the turns ratio N,/N, is less than 1, Z, will be stepped down in value. It should be 
noted that the term impedance is used rather loosely here, since the primary and 
secondary impedances may be purely resistive. In the discussions and examples that 
follow, Z, and Z, will be assumed to be purely resistive. The concept of reflected 
impedance has several practical applications in electronics. 

To find the required turns ratio when the impedance ratio is known, rearrange 
Formula (19-10) as follows: 


N, Zp 
x vz (19-11) 


Example 19-16 


Determine the primary impedance Z, for the transformer circuit in Fig. 19-18. 


Figure 19-18 Circuit for Example 19-16. 


ANSWER Use Formula (19-10). Since Z, = R,, we have 
Z= Fal x R, 


=(T) x82 
=16x8Q 


= 128Q 


The value of 128 Q obtained for Zp using Formula (19-10) can be verified as 
follows. 


V, = 
STN p 


603 


604 


And finally, 


v, 

Z=% 
P I, 

_ 32V 

0.25A 

= 1289 


Example 19-17 


In Fig. 19-19, calculate the turns ratio Np/N; that will produce a reflected 
primary impedance Z, of (a) 75 Q; (b) 600 Q. 


Figure 19-19 Circuit for Example 19-17. 


ANSWER (a) Use Formula (19-11). 


Impedance Matching for 
Maximum Power Transfer 


Transformers are used when it is necessary to achieve maximum transfer of power 
from a generator to a load when the generator and load impedances are not the same. 
This application of a transformer is called impedance matching. 

As an example, consider the amplifier and load in Fig. 19—20a. Notice that the 
internal resistance r, of the amplifier is 200 Q and the load R, is 8 Q. If the amplifier 
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Figure 19-20 Transferring power from an amplifier to a load R,. (a) Amplifier has r, = 200 Q and R, = 8 Q. (b) Connecting the amplifier 
directly to R,. (Q Using a transformer to make the 8-Q R, appear like 200 Q in the primary. 


Amplifier Amplifier 


R,=82 
P, =185W 


(a) (b) 


Amplifier 


R =89Q 
P, =12.5W 


(c) 


and load are connected directly, as shown in Fig. 19—20b, the load receives 1.85 W 
of power, which is calculated as 


V 2 
P= Lee | x R, 
r L 


= (0ga) x82 


=1.85 W 


To increase the power delivered to the load, a transformer can be used between 
the amplifier and load. This is shown in Fig. 19—20c. We know that to transfer maxi- 
mum power from the amplifier to the load, R, must be transformed to a value equal- 
ing 200 Q in the primary. With Z, equaling r, maximum power will be delivered 
from the amplifier to the primary. Since the primary power P, must equal the sec- 
ondary power P,, maximum power will also be delivered to the load R,. In 
Fig. 19—20c, the turns ratio that provides a Z, of 200 Q can be calculated as 


N, Z 
N VZ, 
_ ,/2002 
8Q 
5 
I 


With r, and Z, equal, the power delivered to the primary can be calculated as 


2 


p =s] xz 
=z e 
110V} 
= (400%) KAU E 
=125 W 
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Figure 19-21 Cross-sectional view of 
iron core showing eddy currents. 


Eddy current 


Eddy- 
current 
flux 


Tflux 
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Since P, = Pg, the load R, also receives 12.5 W of power. As proof, calculate the 
secondary voltage. 


N, 
V.=77 x V, 


P 


=l 
=3X50V 


=10V 


(Notice that Vp is ⁄2 Vo, since r; and Z, divide V, evenly.) Next, calculate the load 
power P,. 


Notice how the transformer has been used as an impedance matching device to 
obtain the maximum transfer of power from the amplifier to the load. Compare the 
power dissipated by R, in Fig. 19-20% to that in Fig. 19—20c. There is a big differ- 
ence between the load power of 1.85 W in Fig. 19-20b and the load power of 
12.5 W in Fig. 19-20c. 
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Answers at the end of the chapter. 


a. The turns ratio of a transformer will not affect the primary 
impedance Z,. (True/False) 

b. When the turns ratio NV,/N, is greater than 1, the primary 
impedance Z, is less than the value of Z,. (True/False) 

c. Ifthe turns ratio N,/N, of a transformer is / and Z, = 50 Q, the 
primary impedance Z, = 200 Q. (True/False) 


19-9 Core Losses 


The fact that the magnetic core can become warm, or even hot, shows that some of 
the energy supplied to the coil is used up in the core as heat. The two main effects 
are eddy-current losses and hysteresis losses. 


Eddy Currents 


In any inductance with an iron core, alternating current induces voltage in the core 
itself. Since it is a conductor, the iron core has current produced by the induced volt- 
age. This current is called an eddy current because it flows in a circular path through 
the cross-section of the core, as illustrated in Fig. 19-21. 

The eddy currents represent wasted power dissipated as heat in the core. Note in 
Fig. 19-21 that the eddy-current flux opposes the coil flux, so that more current is 
required in the coil to maintain its magnetic field. The higher the frequency of the 
alternating current in the inductance, the greater the eddy-current loss. 

Eddy currents can be induced in any conductor near a coil with alternating cur- 
rent, not only in its core. For instance, a coil has eddy-current losses in a metal cover. 
In fact, the technique of induction heating is an application of heat resulting from 
induced eddy currents. 


RF Shielding 


The reason that a coil may have a metal cover, usually copper or aluminum, is to 
provide a shield against the varying flux of rf current. In this case, the shielding 
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Figure 19-22 Laminated iron core. 
(a) Shell-type construction. (b) E- and 
|-shaped laminations. (c) Symbol for 
iron core. 


(a) 


E 
(b) 
o 


Figure 19-23 RF coils with ferrite 
core. Width of coil is % in. (a) Variable L 
from 1 to 3 mH. (b) Tuning coil. 
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effect depends on using a good conductor for the eddy currents produced by the 
varying flux, rather than magnetic materials used for shielding against static mag- 
netic flux. 

The shield cover not only isolates the coil from external varying magnetic fields 
but also minimizes the effect of the coil’s rf current for external circuits. The reason 
that the shield helps both ways is the same, as the induced eddy currents have a field 
that opposes the field that is inducing the current. Note that the clearance between 
the sides of the coil and the metal should be equal to or greater than the coil radius 
to minimize the effect of the shield in reducing the inductance. 


Hysteresis Losses 


Another loss factor present in magnetic cores is hysteresis, although hysteresis losses 
are not as great as eddy-current losses. The hysteresis losses result from the addi- 
tional power needed to reverse the magnetic field in magnetic materials in the pres- 
ence of alternating current. The greater the frequency, the more hysteresis losses. 


Air-Core Coils 


Note that air has practically no losses from eddy currents or hysteresis. However, the 
inductance for small coils with an air core is limited to low values in the microhenry 
or millihenry range. 
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Answers at the end of the chapter. 


a. Which has greater eddy-current losses, an iron core or an air core? 
b. Which produces more hysteresis losses, 60 Hz or 60 MHz? 


19-10 Types of Cores 


To minimize losses while maintaining high flux density, the core can be made of 
laminated steel layers insulated from each other. Insulated powdered-iron granules 
and ferrite materials can also be used. These core types are illustrated in Figs. 19-22 
and 19-23. The purpose is to reduce the amount of eddy currents. The type of steel 
itself can help reduce hysteresis losses. 


Laminated Core 


Figure 19-22a shows a shell-type core formed with a group of individual lamina- 
tions. Each laminated section is insulated by a very thin coating of iron oxide, sili- 
con steel, or varnish. The insulating material increases the resistance in the 
cross-section of the core to reduce the eddy currents but allows a low-reluctance 
path for high flux density around the core. Transformers for audio frequencies and 
60-Hz power are generally made with a laminated iron core. 


Powdered-lron Core 


Powdered iron is generally used to reduce eddy currents in the iron core of an induc- 
tance for radio frequencies. It consists of individual insulated granules pressed into 
one solid form called a slug. 


Ferrite Core 


Ferrites are synthetic ceramic materials that are ferromagnetic. They provide high 
values of flux density, like iron, but have the advantage of being insulators. Therefore, 
a ferrite core can be used for high frequencies with minimum eddy-current losses. 


607 


GOOD TO KNOW 


A Variac is a common piece of test 
equipment used by technicians. It 
allows the technician to increase 
the AC voltage slowly while 
monitoring the operation of the 


equipment being repaired. 


This core is usually a slug that can move in or out of the coil to vary L, as in 
Fig. 19-23a. In Fig. 19-235, the core has a hole to fit a plastic alignment tool for 
tuning the coil. Maximum L results with the slug in the coil. 
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Answers at the end of the chapter. 


a. An iron core provides a coefficient of coupling k of unity or 1. 
(True/False) 
A laminated iron core reduces eddy-current losses. (True/False) 
c. Ferrites have less eddy-current losses than iron. (True/False) 


19-11 Variable Inductance 


The inductance of a coil can be varied by one of the methods illustrated in Fig. 19-24. 
In Fig. 19—24a, more or fewer turns can be used by connection to one of the taps on 
the coil. Also, in Fig. 19-24), a slider contacts the coil to vary the number of turns 
used. These methods are for large coils. 

Figure 19—24c shows the schematic symbol for a coil with a slug of powdered 
iron or ferrite. The dotted lines indicate that the core is not solid iron. The arrow 
shows that the slug is variable. Usually, an arrow at the top means that the adjust- 
ment is at the top of the coil. An arrow at the bottom, pointing down, shows that the 
adjustment is at the bottom. 

The symbol in Fig. 19—24d is a variometer, which is an arrangement for varying 
the position of one coil within the other. The total inductance of the series-aiding 
coils is minimum when they are perpendicular. 

For any method of varying L, the coil with an arrow in Fig. 19—24e can be used. 
However, an adjustable slug is usually shown as in Fig. 19—24c. 

A practical application of variable inductance is the Variac. The Variac is an 
autotransformer with a variable tap to change the turns ratio. The output voltage in 
the secondary can be varied from 0 to approximately 140 V, with input from the 
120-V, 60-Hz power line. One use is to test equipment with voltage above or below 
the normal line voltage. 

The Variac is plugged into the power line, and the equipment to be tested is 
plugged into the Variac. Note that the power rating of the Variac should be equal to 
or more than the power used by the equipment being tested. Figure 19-25 shows a 
Variac with an isolated output. 


Figure 19-24 Methods of varying inductance. (a) Tapped coil. (b) Slider contact. (c) Adjustable slug. (d) Variometer. (e) Symbol for 


variable L. 
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Figure 19-26 Inductances L and L, in 
series without mutual coupling. 


Ly 


Figure 19-27 Inductances L and L, in 


parallel without mutual coupling. 


1 
Leo = —— 
Ea Y + th ++ ete. 


Inductance 


Figure 19-25 


Variac with isolated output. 


E 79-11 Self-Review 
Answers at the end of the chapter. 
a. A Variac is a transformer with a variable secondary voltage. 


(True/False) 
b. Figure 19-24c shows a ferrite or powdered-iron core. (True/False) 


19-12 Inductances in Series or Parallel 


As shown in Fig. 19-26, the total inductance of coils connected in series is the sum 
of the individual L values, as for series R. Since the series coils have the same cur- 
rent, the total induced voltage is a result of the total number of turns. Therefore, total 


series inductance is, 
L=L,+L,+ L,+---++ ete. (19-12) 


where L, is in the same units of inductance as L,, L,, and L,. This formula assumes 
no mutual induction between the coils. 


Example 19-18 


Inductance L, in Fig. 19-26 is 5 mH and L, is 10 mH. How much is L,? 


ANSWER L =5mH + 10mH = 15 mH. 


With coils connected in parallel, the combined equivalent inductance is calcu- 
lated from the reciprocal formula 


Lig=F—q j! (19-13) 
L'LL tete 


1 2 3 
Again, no mutual induction is assumed, as illustrated in Fig. 19-27. 


609 


Courtesy of Sencore, Inc. 


GOOD TO KNOW 


It is quite complicated to 
determine the combined equivalent 
inductance, Leo, when mutual 
inductance exists between parallel- 


connected inductors. 
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Example 19-19 


Inductances L, and L, in Fig. 19-27 are each 8 mH. How much is Lgo? 


ANSWER 
ome, 
R ee 
=4mH 


All shortcuts for calculating parallel R can be used with parallel L, since both are 
based on the reciprocal formula. In this example, Lg, is 2 X 8 = 4 mH. 


Series Coils with L,, 


This depends on the amount of mutual coupling and on whether the coils are 
connected series-aiding or series-opposing. Series-aiding means that the common 
current produces the same direction of magnetic field for the two coils. The series- 
opposing connection results in opposite fields. 

The coupling depends on the coil connections and direction of winding. Revers- 
ing either one reverses the field. Inductances L, and L, with the same direction of 
winding are connected series-aiding in Fig. 19—-28a. However, they are series- 
opposing in Fig. 19—28b because L, is connected to the opposite end of L,. To cal- 
culate the total inductance of two coils that are series-connected and have mutual 
inductance, 


L=t, Fie, (19-14) 


The mutual inductance L,, is plus, increasing the total inductance, when the coils 
are series-aiding, or minus when they are series-opposing to reduce the total 
inductance. 

Note the phasing dots above the coils in Fig. 19-28. Coils with phasing dots at 
the same end have the same direction of winding. When current enters the dotted 
ends for two coils, their fields are aiding and Ly has the same sense as L. 


How to Measure L,, 


Formula (19-14) provides a method of determining the mutual inductance between 
two coils L, and L, of known inductance. First, the total inductance is measured for 


Figure 19-28 Inductances L, and L, in series but with mutual coupling Ly. (a) Aiding 
magnetic fields. (b) Opposing magnetic fields. 


Series-aiding Series-opposing 
Lu 
e m e 
Lı L2 
L= L, + L2 + 2Ly L= Li+ L2- 2Lm 
(a) (b) 
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the series-aiding connection. Let this be L,. Then the connections to one coil are 
reversed to measure the total inductance for the series-opposing coils. Let this be 
Lr, Then 


L 
ie n To (19-15) 


When the mutual inductance is known, the coefficient of coupling k can be calcu- 
lated from the fact that Ly = ky LL, 


Example 19-20 


Two series coils, each with an L of 250 „H, have a total inductance of 550 „H 
connected series-aiding and 450 „H series-opposing. (a) How much is the 
mutual inductance L,, between the two coils? (b) How much is the coupling 
coefficient k? 


ANSWER 


L =L 
(a) Ly = ma To 


_ 550 — 450 _ 100 
4 4 
= 25uH 


(b) Ly=k VLE, or 

m __ 235 
VLL,  v250 x 250 

a23 o 


-23 -L 
250 10 
=0.1 


k 


Coils may also be in parallel with mutual coupling. However, the inverse rela- 
tions with parallel connections and the question of aiding or opposing fields make 
this case complicated. Actually, it would hardly ever be used. 


E 79-12 Self-Review 
Answers at the end of the chapter. 


a. A 500-4H coil and a 1-mH coil are in series without L,,. Calculate L,. 
b. The same coils are in parallel without L,,. Calculate Lo. 


19-13 Energy in a Magnetic Field 
of Inductance 


The magnetic flux of the current in an inductance has electric energy supplied by 
the voltage source producing the current. The energy is stored in the magnetic field, 
since it can do the work of producing induced voltage when the flux moves. The 
amount of electric energy stored is 


Energy = 6 = “LP (19-16) 
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CALCULATOR 


To do Example 19-21 ona 
calculator, first square the /, 
multiply by L, and divide by 2. 
Specifically, punch in 1.2 and 
push the @) key for 1.44. While 
this is on the display, push the 
(x)key, punch in 0.4, and push 
the © key for 0.576 on the 
display. Now push the @)key, 
punch in 2, and then push the ©) 
key to get 0.288 as the answer. 


612 


The factor of / gives the average result of / in producing energy. With L in henrys 
and / in amperes, the energy is in watt-seconds, or joules. For a 10-H L with a 3-A J, 
the electric energy stored in the magnetic field equals 


Energy = “LI? = 10x? = 45 J 


This 45 J of energy is supplied by the voltage source that produces 3 A in the 
inductance. When the circuit is opened, the magnetic field collapses. The energy in 
the collapsing magnetic field is returned to the circuit in the form of induced volt- 
age, which tends to keep the current flowing. 

The entire 45 J is available for the work of inducing voltage, since no energy is 
dissipated by the magnetic field. With resistance in the circuit, however, the FR loss 
with induced current dissipates all energy after a period of time. 


Example 19-21 


A current of 1.2 A flows in a coil with an inductance of 0.4 H. How much 
energy is stored in the magnetic field? 


ANSWER 


pe Le _ 04x 1.44 


2 
= 0.288 J 
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Answers at the end of the chapter. 


a. What is the unit of electric energy stored in a magnetic field? 
b. Does a 4-H coil store more or less energy than a 2-H coil for the same 
current? 


19-14 Stray Capacitive 
and Inductive Effects 


Stray capacitive and inductive effects can occur in all circuits with all types of com- 
ponents. A capacitor has a small amount of inductance in the conductors. A coil has 
some capacitance between windings. A resistor has a small amount of inductance 
and capacitance. After all, physically a capacitance is simply an insulator between 
two conductors having a difference of potential. An inductance is basically a con- 
ductor carrying current. 

However, these stray effects are usually quite small, compared with the concen- 
trated or lumped values of capacitance and inductance. Typical values of stray 
capacitance may be | to 10 pF, whereas stray inductance is usually a fraction of 
1 uH. For very high radio frequencies, however, when small values of L and C must 
be used, the stray effects become important. As another example, any wire cable has 
capacitance between the conductors. 

A practical case of problems caused by stray L and C is a long cable used for rf 
signals. If the cable is rolled in a coil to save space, a serious change in the electrical 
characteristics of the line will take place. Specifically, for twin-lead or coaxial cable 
feeding the antenna input to a television receiver, the line should not be coiled 
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Figure 19-29 Equivalent circuit of an 
rf coil. (a) Distributed capacitance C, 
between turns of wire. (b) Equivalent 
circuit. 


A 
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because the added L or C can affect the signal. Any excess line should be cut off, 
leaving the little slack that may be needed. This precaution is not so important with 
audio cables. 


Stray Circuit Capacitance 


The wiring and components in a circuit have capacitance to the metal chassis. This 
stray capacitance C; is typically 5 to 10 pF. To reduce Cy, the wiring should be short 
with the leads and components placed high off the chassis. Sometimes, for very high 
frequencies, stray capacitance is included as part of the circuit design. Then chang- 
ing the placement of components or wiring affects the circuit operation. Such criti- 
cal lead dress is usually specified in the manufacturer’s service notes. 


Stray Inductance 


Although practical inductors are generally made as coils, all conductors have induc- 
tance. The amount of L is v,/(di/dt), as with any inductance producing induced 
voltage when the current changes. The inductance of any wiring not included in the 
conventional inductors can be considered stray inductance. In most cases, stray 
inductance is very small; typical values are less than 1 wH. For high radio frequen- 
cies, though, even a small L can have an appreciable inductive effect. 

One source of stray inductance is connecting leads. A wire 0.04 in. in diameter 
and 4 in. long has an L of approximately 0.1 „H. At low frequencies, this inductance 
is negligible. However, consider the case of rf current, where i varies from 0- to 
20-mA peak value, in the short time of 0.025 ys, for a quarter-cycle of a 10-MHz 
sine wave. Then v, equals 80 mV, which is an appreciable inductive effect. This is 
one reason that connecting leads must be very short in rf circuits. 

As another example, wire-wound resistors can have appreciable inductance 
when wound as a straight coil. This is why carbon resistors are preferred for mini- 
mum stray inductance in rf circuits. However, noninductive wire-wound resistors 
can also be used. These are wound so that adjacent turns have current in opposite 
directions and the magnetic fields oppose each other to cancel the inductance. 
Another application of this technique is twisting a pair of connecting leads to reduce 
the inductive effect. 


Inductance of a Capacitor 


Capacitors with coiled construction, particularly paper and electrolytic capacitors, 
have some internal inductance. The larger the capacitor, the greater its series induc- 
tance. Mica and ceramic capacitors have very little inductance, however, which is 
why they are generally used for radio frequencies. 

For use above audio frequencies, the rolled-foil type of capacitor must have non- 
inductive construction. This means that the start and finish of the foil winding must 
not be the terminals of the capacitor. Instead, the foil windings are offset. Then one 
terminal can contact all layers of one foil at one edge, and the opposite edge of the 
other foil contacts the second terminal. Most rolled-foil capacitors, including the 
paper and film types, are constructed this way. 


Distributed Capacitance of a Coil 


As illustrated in Fig. 19-29, a coil has distributed capacitance C, between turns. 
Note that each turn is a conductor separated from the next turn by an insulator, 
which is the definition of capacitance. Furthermore, the potential of each turn is 
different from the next, providing part of the total voltage as a potential difference 
to charge C,. The result then is the equivalent circuit shown for an rf coil. The L is 
the inductance and R, its internal effective AC resistance in series with L, and the 
total distributed capacitance C, for all turns is across the entire coil. 
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Figure 19-30 High-frequency 
equivalent circuit of a resistor. 
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Figure 19-31 Typical LCR meter. 
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Courtesy of B&K Precision Corporation 


Special methods for minimum C, include space-wound coils, where the turns are 
spaced far apart; the honeycomb or universal winding, with the turns crossing each 
other at right angles; and the bank winding, with separate sections called pies. These 
windings are for rf coils. In audio and power transformers, a grounded conductor 
shield, called a Faraday screen, is often placed between windings to reduce capaci- 
tive coupling. 


Reactive Effects in Resistors 


As illustrated by the high-frequency equivalent circuit in Fig. 19-30, a resistor can 
include a small amount of inductance and capacitance. The inductance of carbon- 
composition resistors is usually negligible. However, approximately 0.5 pF of capaci- 
tance across the ends may have an effect, particularly with large resistances used for 
high radio frequencies. Wire-wound resistors definitely have enough inductance to be 
evident at radio frequencies. However, special resistors are available with double wind- 
ings in a noninductive method based on cancellation of opposing magnetic fields. 


Capacitance of an Open Circuit 


An open switch or a break in a conducting wire has capacitance C, across the open. 
The reason is that the open consists of an insulator between two conductors. With a 
voltage source in the circuit, Co charges to the applied voltage. Because of the small 
Co, of the order of picofarads, the capacitance charges to the source voltage in a short 
time. This charging of C, is the reason that an open series circuit has the applied 
voltage across the open terminals. After a momentary flow of charging current, Co 
charges to the applied voltage and stores the charge needed to maintain this voltage. 


E 19-14 Self-Review 
Answers at the end of the chapter. 


a. A two-wire cable has distributed C between the conductors. 
(True/False) 

b. A coil has distributed C between the turns. (True/False) 

c. Stray inductance and stray capacitance are most likely to be a 
problem at high frequencies. (True/False) 


19-15 Measuring and Testing Inductors 


Although many DMMs are capable of measuring the value of a capacitor, few are 
capable of measuring the value of an inductor. Therefore, when it is necessary to 
measure the value of an inductor, you may want to use a capacitor-inductor analyzer 
like that shown earlier in Chapter 16. The capacitor-inductor analyzer can also test 
the quality (Q) of the inductor by using something called a ringing test. 

Another test instrument that is capable of measuring inductance L, capacitance 
C, and resistance R, is an LCR meter. A typical LCR meter is shown in Fig. 19-31. 
Although this is a handy piece of test equipment, most LCR meters are not capable 
of measuring anything except the value of a component. Note, however, that some 
LCR meters are capable of making a few additional tests besides measuring the 
component value. 


Inductor Coding 


Inductors may or may not be coded to indicate their inductance value in henrys (H), 
millihenrys (mH), or microhenrys (uH). Some very small inductors used in rf circuits 
may consist of five or six turns of bare wire and therefore cannot be coded. Larger 
inductors, such as chokes used in the audio-frequency range, normally have their 
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Figure 19-32 An open coil reads 
infinite ohms when its continuity is 
checked with an ohmmeter. 


Ohmmeter 


GOOD TO KNOW 


Two inductors can have identical 
inductance values even though 
the DC resistance of the wire 
used to wind the inductors is 


different. 


Figure 19-33 The internal DC 
resistance r, of a coil is in series with its 
inductance L. 
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inductance values printed on them. Some inductors use a coding system similar to that 
used with film capacitors. In this case, a three-digit code is used to indicate the induc- 
tance value in microhenrys. For example, an inductor may be coded 103; this is inter- 
preted as follows: The first two digits (1 and 0) represent the first and second digits in 
the inductance value. The last digit (3), called the multiplier digit, tells how many 
zeros to add after the first two digits. In this case, 103 corresponds to an inductance of 
10,000 uH. Some manufacturers put the multiplier digit first instead of last. For exam- 
ple, for an inductor coded 210, the second and third digits represent the first and sec- 
ond digits of the inductance value, and the first digit tells how many zeros to add. In 
this case, the code 210 corresponds to an inductance value of 1000 „H. Usually the 
three-digit codes include no tolerance rating. Sometimes inductors have their value 
printed on the body, sometimes they have colored stripes, and sometimes they are not 
coded at all. Confusing you say? Absolutely! Sometimes, the only sure way to deter- 
mine the value of an inductor is to measure its value. Because no standardization is in 
place for the coding of inductors, no further coverage of the topic is provided here. 


Troubles in Coils 


The most common trouble in coils is an open winding. As illustrated in Fig. 19-32, 
an ohmmeter connected across the coil reads infinite resistance for the open circuit. 
It does not matter whether the coil has an air core or an iron core. Since the coil is 
open, it cannot conduct current and therefore has no inductance because it cannot 
produce induced voltage. When the resistance is checked, the coil should be discon- 
nected from the external circuit to eliminate any parallel paths that could affect the 
resistance readings. 


Direct Current Resistance of a Coil 


A coil has DC resistance equal to the resistance of the wire used in the winding. The 
amount of resistance is less with heavier wire and fewer turns. For rf coils with 
inductance values up to several millihenrys, requiring 10 to 100 turns of fine wire, 
the DC resistance is 1 to 20 Q, approximately. Inductors for 60 Hz and audio fre- 
quencies with several hundred turns may have resistance values of 10 to 500 Q, 
depending on the wire size. 

As shown in Fig. 19-33, the DC resistance and inductance of a coil are in series, 
since the same current that induces voltage in the turns must overcome the resistance 
of the wire. Although resistance has no function in producing induced voltage, it is 
useful to know the DC coil resistance because if it is normal, usually the inductance 
can also be assumed to have its normal value. 


Open Coil 


An open winding has infinite resistance, as indicated by an ohmmeter reading. With 
a transformer that has four leads or more, check the resistance across the two leads 
for the primary, across the two leads for the secondary, and across any other pairs of 
leads for additional secondary windings. For an autotransformer with three leads, 
check the resistance from one lead to each of the other two. 

When the open circuit is inside the winding, it is usually not practical to repair 
the coil, and the entire unit is replaced. In some cases, an open connection at the 
terminals can be resoldered. 


Value Change 


The value of an inductor can change over time because of core breakage, windings 
relaxing, or shorted turns. Note that a coil whose inductance value is changed may 
check okay with an ohmmeter. To check the value of an inductor, use either a 
capacitor-inductor analyzer or an LCR meter. 
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GOOD TO KNOW 


The DC resistance between the 
primary and secondary windings 
of a transformer should always 


measure infinite ohms. 
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Open Primary Winding 


When the primary of a transformer is open, no primary current can flow, and no 
voltage is induced in any of the secondary windings. 


Open Secondary Winding 


When the secondary of a transformer is open, it cannot supply power to any load 
resistance across the open winding. Furthermore, with no current in the secondary, 
the primary current is also practically zero, as though the primary winding were 
open. The only primary current needed is the small magnetizing current to sustain the 
field producing induced voltage across the secondary without any load. If the trans- 
former has several secondary windings, however, an open winding in one secondary 
does not affect transformer operation for the secondary circuits that are normal. 


Short across Secondary Winding 


In this case, excessive primary current flows, as though it were short-circuited, often 
burning out the primary winding. The reason is that the large secondary current has 
a strong field that opposes the flux of the self-induced voltage across the primary, 
making it draw more current from the generator. 


E 79-15 Self-Review 


Answers at the end of the chapter. 


a. The normal R of a coil is 18 Q. How much will an ohmmeter read if 
the coil is open? 

b. The primary of a 1:3 step-up autotransformer is connected to a 
120-V,,. power line. How much will the secondary voltage be if the 
primary is open? 

c. Are the DC resistance and inductance of a coil in series or in 
parallel? 
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Application in Understanding Isolation Transformers 


Any transformer with separate primary and secondary 
windings is technically an isolation transformer. With two 
separate windings, the resistance between the primary and 
secondary is infinitely high. In other words, there is no 
continuity between the two windings. Although the primary 
and secondary windings are not electrically connected to each 
other, the magnetic field linking the two windings transfers 
power from the AC voltage source in the primary to the load in 
the secondary. Ideally, the transformer itself does not dissipate 
any power. Realistically, however, a transformer always 


dissipates some power due to the /’R losses in the windings as 


well as hysteresis and eddy-current losses in the core. The 
losses associated with a transformer are the reason why it can 
become warm during normal use or operation. 

Although any transformer with separate primary and 
secondary windings is technically an isolation transformer, the 
name isolation transformer is usually reserved for iron-core 
transformers with a 1:1 turn’s ratio. This is because the main 
function of this type of transformer is not to step up or step 


down the primary voltage but rather to isolate the earth ground 
connection of the primary’s voltage source from the load in 
the secondary. Figure 19-34 shows the 120-V,. power line 
voltage connected to the primary of an isolation transformer. 
Because the transformer has a 1:1 turn’s ratio, the secondary 
voltage is also 120 V. In Fig. 19-34, notice that the upper primary 
ead is connected to the black hot wire of the 1 20-V,- power line, 
whereas the bottom primary lead is connected to the white 
neutral wire, which is grounded. Although the voltage across 
both secondary leads measures 120 V, the voltage measured 
from either secondary lead to ground is O V. This is because the 
secondary voltage of an isolation transformer is not referenced 
to earth ground like the 120-V,- power line is in the primary. If a 
person 
contact with the black hot wire of the 120-V,- power line, as in 


standing on earth ground accidentally comes into 


Fig. 19-35a, he or she could receive a severe electric shock and 
possibly risk being electrocuted. In Fig. 19-35b, however, the 


secondary of the isolation transformer is not referenced to earth 
ground. Therefore, if a person accidentally comes into contact 


Figure 19-34 The primary winding of an isolation transformer is connected to the 120-V,- power line. Notice the earth ground 


connection of the white neutral wire. The primary voltage of 120 V is measured with respect to earth ground. The measured voltage across the 
secondary winding is also 120 V, but the voltage measured from either secondary lead to ground is OV. 


Black-Hot 


120 V AC 
60 Hz 


Earth ground 
connection of = 
Neutral wire 


ov 


120 V 


Figure 19-35 This illustration shows how an isolation transformer lessens the likelihood of an electric shock. (a) Accidently touching 


the hot wire of the 120-V,c power line while in contact with earth ground results in a severe electric shock or even electrocution. 
(b) Touching only one secondary lead of an isolation transformer while in contact with earth ground does not result in an 


electric shock. 


Black-Hot 


120 VAC 
60 Hz 


White-Neutral 


Earth Ground 


Inductance 


120 V AC 


Black-Hot l:l 


60 Hz 


White-Neutral 


120 V AC 


= Earth Ground 
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with just one lead of the transformer secondary, there is no 
path back to earth ground to complete the circuit and as a 
result, no electric shock. 

If a technician is troubleshooting and/or servicing an 
ectronic product and the product is plugged directly into the 
20-V,- power line, they are at a high risk of receiving an 
ectric shock or being electrocuted if their body accidentally 
omes into contact with a live circuit. To reduce the risk of an 


oa o-oo 


ectric shock, electronic technicians often use an isolation 
transformer when troubleshooting and/or servicing electronic 
equipment. The primary side of the isolation transformer is 
plugged directly into the 120-V,- power line, and the electronic 
product being serviced is plugged into the secondary side of 
the transformer. If just one hand of the technician accidently 


touches a live circuit in the equipment plugged into the 
secondary, there is no chance of an electric shock because 
there is no path back to earth ground. It should be noted, 
however, that a technician can still receive a lethal electric 


shock even if an isolation transformer is used. For example, if 


both hands of a technician are across two points having a 
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significant amount of potential difference, current will flow 
through the body between the two hands. 

Therefore, to avoid an electric shock when making voltage 
measurements in a live circuit, it is always best to keep one hand 
in your pocket, or behind your back. 

It should be noted that an isolation transformer is built using 
special insulation between the primary and secondary windings. 
As a result, isolation transformers can withstand a higher than 
normal voltage between the two windings without breaking 
down and conducting. Isolation transformers are also designed 
to minimize any capacitive coupling between the primary and 
secondary, which could cause AC currents to flow between the 
two windings. 

Itis also important to note that not all isolation transformers 
are designed to be used in conjunction with the 120-V,. power 
line. Isolation transformers are also used in home theater 
systems, for example, to reduce any hum and noise associated 
with one or more ground loops in the system. In this case, the 
isolation transformer is much smaller and is designed to work at 
much higher frequencies than 60 Hz. 
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Summary 


Varying current induces voltage in a 
conductor, since the expanding and 
collapsing field of the current is 
equivalent to flux in motion. 


Lenz’s law states that the induced 
voltage produces / that opposes the 
change in current causing the 
induction. Inductance, therefore, 
tends to keep the current from 
changing. 

The ability of a conductor to produce 
induced voltage across itself when 
the current varies is its self- 
inductance, or inductance. The 
symbol is L, and the unit of 
inductance is the henry. One henry of 
inductance allows 1 V to be induced 
when the current changes at the rate 
of 1 A/s. For smaller units, 1 mH = 

1x 10° H and1 uH =1 x10% H. 
To calculate self-induced voltage, 

v, = L(di/dt), with vin volts, Lin 
henrys, and di/dtin amperes per 
second. 


Mutual inductance is the ability of 
varying current in one conductor to 
induce voltage in another conductor 
nearby. Its symbol is Lu, measured 
in henrys. Ly = ky LL, where kis 
the coefficient of coupling between 
conductors. 


A transformer consists of two or 
more windings with mutual 
inductance. The primary winding 
connects to the source voltage; the 
load resistance is connected across 
the secondary winding. A separate 
winding is an isolated secondary. 


The transformer is used to step up 
or step down AC voltage. 


An autotransformer is a tapped coil, 
used to step up or step down the 
primary voltage. There are three 
leads with one connection common 
to both the primary and the 
secondary. 


A transformer with an iron core has 
essentially unity coupling. Therefore, 
the voltage ratio is the same as the 
turns ratio: Vp/V; = Np/Ns. 
Assuming 100% efficiency for an 
iron-core power transformer, the 
power supplied to the primary 
equals the power used in the 
secondary. 


The voltage rating of a transformer’s 
secondary is always specified under 
full load conditions with the rated 
primary voltage applied. The 
measured voltage across an 
unloaded secondary is usually 5 to 
O% higher than its rated value. 


The current or power rating of a 
transformer is usually specified only 
for the secondary windings. 


Transformers can be used to reflect 
a secondary load impedance back 
into the primary as a new value that 
is either larger or smaller than its 
actual value. The primary impedance 
Z, can be determined using Formula 


(19-10). 


The impedance transforming 
properties of a transformer make it 
possible to obtain maximum 


transfer of power from a generator 
to a load when the generator and 
oad impedances are not equal. 

The required turns ratio can be 
determined using Formula (19-11). 


Eddy currents are induced in the iron 
core of an inductance, causing 
wasted power that heats the core. 
Eddy-current losses increase with 
higher frequencies of alternating 
current. To reduce eddy currents, the 
iron core is laminated. Powdered- 
iron and ferrite cores have minimum 
eddy-current losses at radio 
frequencies. Hysteresis also causes 
power loss. 


With no mutual coupling, series 
inductances are added like series 


resistances. The combined 
equivalent inductance of parallel 
connected inductances is calculated 
by the reciprocal formula, as for 
parallel resistances. 


The magnetic field of an inductance 
has stored energy @ = '/2L/?. With / 
in amperes and L in henrys, energy 
@ is in joules. 


n addition to its inductance, a coil 
has DC resistance equal to the 
resistance of the wire in the coil. 


An open coil has infinitely high 
resistance. 


An open primary in a transformer 
results in no induced voltage in any 
of the secondary windings. 


Figure 19-36 summarizes the main 
types of inductors, or coils, with 
their schematic symbols. 


Figure 19-36 Summary of types of inductors. (a) Air-core coil. (b) lron-core coil. (¢) Adjustable ferrite core. (d) Air-core transformer. 
(e) Variable L, and L.. (f) lron-core transformer. (g) Autotransformer. 


A 
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Table 19-1 Comparison of Capacitance and Inductance 


Capacitance 
Symbol is C 


Unit is the farad (F) 
Needs dielectric as insulator 


More plate area allows more C 


Dielectric can concentrate electric field for more C 


r 
ipa 


Cea = 1 
G 


C; = C, + C, in parallel 


The characteristics of inductance 
and capacitance are compared in 
Table 19-1. 


Stray inductance can be considered 
the inductance of any wiring not 


Important Terms 


Autotransformer — a transformer made 
of one continuous coil with a tapped 
connection between the end 
terminals. An autotransformer has 
only three leads and provides no 
isolation between the primary and 
secondary. 


Coefficient of coupling, k — the fraction 
of total flux from one coil linking 
another coil nearby. 


Counter emf (cemf) — aterm used to 
describe the effect of an induced 


voltage in opposing a change in current. 


Eddy current — the current that flows in 
a circular path through the cross 
section of the iron core ina 
transformer. 


Efficiency — the ratio of power output 
to power input. In a transformer, 
power out is secondary power and 
power in is primary power. 


Ferrite core — a type of core that has 
high flux density, like iron, but is an 
insulator. A ferrite core used in a coil 
has minimum eddy-current losses 
due to its high resistance. 


Henry (H) — the basic unit of inductance. 
1 His the amount of inductance that 
produces 1 volt of induced voltage when 
the current varies at the rate of 1 A/s. 
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in series 


Inductance 


Symbol is L 


Unit is the henry (H) 


Needs conductor for circuit path 


More turns allow more L 


Core can concentrate magnetic field for more L 


(= lh oF IL, tim series 


ie aes eee 
co T/L, + ML, 


included in conventional inductors. 
Stray capacitance can be considered 
the capacitance of any two 
conductors separated from each 


Impedance matching — an application of 

a transformer in which the secondary 
oad resistance is stepped up or down 
to provide maximum transfer of power 
from the generator to the load. 


Inductance, L — the ability of a conductor 
to produce an induced voltage in itself 
when the current changes. Inductance 
can also be defined as the characteristic 
that opposes any change in current. 


Leakage flux — any magnetic field lines 
that do not link two coils that are 
close to each other. 


Lenz’s law — Lenz’s law states that the 
polarity of an induced voltage must be 
such that it opposes the current that 
produces the induced voltage. 


Mutual inductance, Lu — the ability of 
one coil to induce a voltage in another 
coil nearby. Two coils have a mutual 
inductance, Ly, of 1 H when a current 
change of 1 A/s in one coil induces 
1 Vin the other coil. 


Phasing dots — dots on the primary and 
secondary leads of a transformer 
schematic symbol that identify those 
leads having the same instantaneous 
polarity. 

Reflected impedance — the term used 
to describe the transformation of a 


in parallel 


other by an insulator and not 
included in conventional capacitors. 


secondary load resistance to a new 
value as seen by the primary. 


Series-aiding — a connection of coils in 
which the coil current produces the 
same direction of magnetic field for 
both coils. 


Series-opposing — a connection of coils 
in which the coil current produces 
opposing magnetic fields for each coil. 


Stray capacitance — a very small 
capacitance that exists between any 
two conductors separated by an 
insulator. For example, the 
capacitance can be between two 
wires in a wiring harness or between 
a single wire and a metal chassis. 


Stray inductance — the small 
inductance of any length of conductor 
or component lead. The effects of 
both stray inductance and stray 
capacitance are most noticeable 
at very high frequencies. 


Transformer — a device that uses the 
concept of mutual inductance to step 
up or step down an alternating 
voltage. 


Turns ratio — the ratio of the number 
of turns in the primary to the number 
of turns in the secondary of a 
transformer. 
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Variac — a piece of test equipment that 
provides a variable output voltage. 
The Variac is plugged into the 120-V,- 
power line and the equipment under 
test is plugged into the Variac. Most 


Related Formulas 


Ki. 


L= 
L=p, x XA x1 26x10*H 
„=18 


N, 
Turns ratio = ~~ 

Ng 
V, N, 
ah 
Velg = Volp 
IV, 
b i 

P 
% Efficiency = po x 100 
Ney? in 

Z= Ne xZ, 


Self-Test 


Answers at the back of the book. 


1. The unit of inductance is the 
a. henry. 
b. farad. 
c. ohm. 


d. volt-ampere. 


2. The inductance, L, of an inductor is 
affected by 


a. number of turns. 

b. area enclosed by each turn. 
c. permeability of the core. 

d. all of the above. 


3. A transformer cannot be used to 
step up or down an AC voltage. 


a. 
b. step up or down a DC voltage. 


Fi 


. match impedances. 


d. transfer power from primary to 
secondary. 


4. The interaction between two 
inductors physically close together is 
called 


a. counter emf. 


b. self-inductance. 


Inductance 


Variacs available today have an 
isolated output. 


Volt-ampere (VA) — the unit of apparent 
power that specifies the power rating 


of a transformer. The product VA is 
called the apparent power because it 
is the power that is apparently used 
by the transformer. 


aZ 
N7 VZ 
Series connection with no Ly 
L=L+L +l +: + etc. 
Series connection with Ly 
L=L4+h+2ky 
Parallel connection (No Lw) 
1 
a gl +et 
Trte Hete. 
ie ee 
L. -=L 
eat n To 


Energy = @ = '/2LI? 


c. mutual inductance. 


d. hysteresis. 


5. Ifthe secondary current in a step- 
down transformer increases, the 
primary current will 


a. not change. 
b. increase. 
c. decrease. 
d. drop a little. 


6. Inductance can be defined as the 
characteristic that 


a. opposes a change in current. 
b. opposes a change in voltage. 


c. aids or enhances any change in 
current. 


d. stores electric charge. 


7. Ifthe number of turns in a coil is 
doubled in the same length and area, 
the inductance, L, will 


a. double. 

b. quadruple. 

c. stay the same. 
d. be cut in half. 


8. An open coil has 
a. zero resistance and zero 
inductance. 
b. infinite inductance and zero 
resistance. 
c. normal inductance but infinite 
resistance. 


d. infinite resistance and zero 
inductance. 


9. Two 10-H inductors are connected 
in series-aiding and have a 
mutual inductance, L, „of 0.75 H. 


? M? 
The total inductance, L,, of this 
combination is 


a. 1815. 
b.. 20.75 
c: 21.5 H. 
d. 19.25 


How much is the self-induced 
voltage, V, , across a 100-mH 
inductor produced by a current 


change of 50,000 A/s? 
a. 5 kV. 

b. 50V. 

c. 5 MV. 

d. 500 kV. 


10. 
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11. The measured voltage across an inductance between coils, how much c. 1.78 Q. 
unloaded secondary of a is Leg? d. 288 Q. 
transformer is usually a.400m 
a. the same as the rated secondary b. 370m 18. How much is the induced voltage, 
voltage. 0 V, across a 5-H inductor carrying a 
c.40m 
b. 5 to 10% higher than the rated d.80 steady DC current of 200 mA? 
secondary voltage. resm a. OV. 
c. 50% higher than the rated D . . b.1V. 
secondary voltage. 15. A 400-4H coil is in series with a <. 100 kV. 
d | kanth d 1.2-mH coil without mutual : j 
-3 to 10% lower than the rate inductance. How much is L,? d. 120 Voc. 
secondary voltage. 
a. 401.2 uH. 
12. A laminated iron-core transformer b. 300 uu 19. The secondary current, /,, in an iron- 
- reduced eddy-current losses c. 160 u core transformer equals 1.8 A. If the 
ecause 
d. 1.6 _ N 
a. the laminations are stacked & turns ratio, 7; equals 3:1, how 
vertically. histh : 1? 
: : 16.A step-down transformer has a turns much is the primary current, [,¢ 
b. more wire can be used with less N 3.1. =18A 
DC resistance. ratio, =", of 4:1. If the primar ak 
c. the magnetic flux is in the air ga A P i Prle Oa: 
l of the a FP voltage, Vp, is 120 V,-, how much is c. lp =5.4A. 
` the secondary voltage, V,? 
d. the laminations are insulated from 420V d. none of the above. 
each other. $ ACE 
b. 120 Vac. 20. For a coil, the DC resistance, r, and 
13. How much is the inductance of a coil c. 30 Vie. inductance, L, are i 


14. 


that induces 50 V when its current 


changes at the rate of 500 A/s? 


a. 100 mH. 

17. 
b.1H. 
c. 100 pH. a turns ratio 
d.10 4H. 
A 100-mH inductor is in parallel a. 48 Q. 
with a 150-mH and a 120-mH b.144Q. 


inductor. Assuming no mutual 


Essay Questions 
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Define 1 H of self-inductance and 1 H of mutual 
inductance. 


State Lenz’s law in terms of induced voltage produced 
by varying current. 


Refer to Fig. 19—5. Explain why the polarity of v, is the 
same for the examples in Fig. 19—5a and d. 


ake a schematic diagram showing the primary and 
secondary of an iron-core transformer with a 1:6 voltage 
step-up ratio (a) using an autotransformer; (b) using a 
transformer with isolated secondary winding. Then 

(c) with 100 turns in the primary, how many turns are 
in the secondary for both cases? 


Define the following: coefficient of coupling, 
transformer efficiency, stray inductance, and 
eddy-current losses. 


Why are eddy-current losses reduced with the following 
cores: (a) laminated; (b) powdered iron; (c) ferrite? 


Why is a good conductor used for an rf shield? 


N 
> N,’ 
16 Q, how much is Z,? 


d. It cannot be determined. 


If an iron-core transformer has 


of 3:1 and Z, = 


10. 


11. 


12. 


13. 


a. in parallel. 
b. infinite. 
c. the same thing. 


d. in series. 


Show two methods of providing a variable inductance. 


(a) Why will the primary of a power transformer have 
excessive current if the secondary is short-circuited? 
(b) Why is there no voltage across the secondary if the 
primary is open? 


(a) Describe briefly how to check a coil for an open 
winding with an ohmmeter. Which ohmmeter range 
should be used? (b) Which leads will be checked on an 
autotransformer with one secondary and a transformer 
with two isolated secondary windings? 


Derive the formula Ly = (L, — L,.)/4 from the fact that 
L, =L + L, + 2ly,andl, = L + L, — 2Ly- 


Explain how a transformer with a 1:1 turns ratio and an 
isolated secondary can be used to reduce the chance of 
electric shock from the 120-V,- power line. 


Explain the terms stray inductance and stray capacitance 
and give an example of each. 
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Problems 


SECTION 19-1 INDUCTION BY ALTERNATING 
CURRENT 
19-1 Which can induce more voltage in a conductor, a 


steady DC current of 10 A or a small current change 
of 1 to 2 mA? 


19-2 Examine the sine wave of alternating current in 

Fig. 19-1. Identify the points on the waveform (using 
the letters A-I) where the rate of current change, d is 
a. greatest. 


D. Zero. 


19-3 Which will induce more voltage across a conductor, a 
ow-frequency alternating current or a high-frequency 
alternating current? 


SECTION 19-2 SELF-INDUCTANCE L P 
i 


19-4 Convert the following current changes, Jp to amperes 
per second: 


a.Oto3Ain2s. 

b. O to 50 mA in 5 ws. 

c. 100 to 150 mA in 5 ms. 
d. 150 to 100 mA in 20 ps. 
e. 30 to 35 mA in 1 ps. 

. 80 to 96 mA in 0.4 us. 
g.10to11Ain1s. 


19-5 How much inductance, L, will be required to produce 


an induced voltage, V,, of 15 V for each of the á values 


isted in Prob. 19—4? 


19-6 


ow much is the inductance, L, of a coil that induces 
75 V when the current changes at the rate of 2500 A/s? 


19-7 


ow much is the inductance, L, of a coil that induces 
20 V when the current changes at the rate of 400 A/s? 


19-8 Calculate the inductance, L, for the following long coils: 


(Note: 1 m= 100 cm and 1 m? = 10,000 cm?.) 


a. air core, 20 turns, area 3.14 cm?, length 25 cm. 


. air core, 200 turns, area 3.14 cm’, length 25 cm. 


. air core, 20 turns, area 3.14 cm’, length 50 cm. 


(cis = ea © eee © 2 


. iron core with u, of 2000, 100 turns, area 5 cm’, 
length 10 cm. 


19-9 Recalculate the inductance, L, in Prob. 19—8a if the 
number of turns is doubled to 40. 


19-10 What is another name for an rf inductor? 


SECTION 19-3 SELF-INDUCED VOLTAGE V, 
19-11 


ow much is the self-induced voltage across a 5-H 
nductance produced by a current change of 100 to 
200 mA in 1 ms? 


19-12 


ow much is the self-induced voltage across a 33-mH 
inductance when the current changes at the rate of 


1500 A/s? 


Inductance 


. same coil as step a with ferrite core having ay, of 5000. 


19-13 Calculate the self-induced voltage across a 100-mH 
inductor for the following values off; 
a. 100 A/s. 
b. 200 A/s. 
c. 50 A/s. 
d. 1000 A/s. 


SECTION 19-5 MUTUAL INDUCTANCE Lu 


19-14 A coil, L,, produces 200 wWhb of magnetic flux. A 
nearby coil, L,, is linked with L, by 50 uWb of magnetic 
flux. What is the coefficient of coupling, k, between L, 
and L,? 


19-15 A coil, L, produces 40 Wb of magnetic flux. A coil, L», 
nearby, is linked with L, by 30 zWb of magnetic flux. 
What is the value of k? 


19-16 Two 50-mH coils, L and L,, have a coefficient of 
coupling, k, equal to 0.6. Calculate Ly. 


19-17 Two inductors, L, and L,, have a coefficient of coupling, 
k, equal to 0.5. L = 100 mH and L, = 150 mH. 
Calculate Ly. 


19-18 What is the assumed value of k for an iron-core 
transformer? 


SECTION 19-6 TRANSFORMERS 
19-19 In Fig. 19-37, solve for 

a. the secondary voltage, Vz. 

b. the secondary current, ls. 

c. the secondary power, Pec- 


d. the primary power, P 


pri” 
e. the primary current, lp. 


Figure 19-37 


Vp = 120 Vye R =122 


19-20 Repeat Prob. 19-19 if Np:N; = 10:1. 


19-21 In Fig. 19-38, solve for 
a. Vs, (secondary 1 voltage). 
b. Vs, (secondary 2 voltage). 
G Is, (secondary 1 current). 


d. Is, (secondary 2 current). 
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Figure 19-38 


N, = 250 turns 
1 


V, R= 2.4 kQ 
A Np = 250 turns Secondary 1 
Vp = 120 V, 
i ae Ng, = 50 turns 
a R= 242 


Secondary 2 


19-22 In Fig. 19-38, calculate the primary current, lp, if R, 
opens. i 


19-23 In Fig. 19-39, solve for 


TA 
a. the turns ratio Ne 
b. the secondary current, ls. 


c. the primary current, lp. 


Figure 19-39 


N, 
19-24 In Fig. 19—40, what turns ratio, = 
obtain a secondary voltage of $ 


a. 60 Vac? 
b. 600 Vp? 
c. 420 V? 
d. 24 Vy? 
e. 12.6 V? 


, is required to 


Figure 19-40 


Np: Ng 
Vp = 120 Ve 3 | : V; 


19-25 A transformer delivers 400 W to a load connected 
to its secondary. If the input power to the primary is 
500 W, what is the efficiency of the transformer? 


19-26 Explain the advantages of a transformer having an 
isolated secondary. 


SECTION 19-7 TRANSFORMER RATINGS 
19-27 How is the power rating of a transformer specified? 


19-28 To avoid overloading a transformer, what two rules 
should be observed? 


19-29 What is the purpose of phasing dots on the schematic 
symbol of a transformer? 
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19-30 Assume that a 6-Q load is connected to the secondary 
in Fig. 19—15b and c. How much is the current in each 
individual primary winding in 


a. Fig. 19-15b? 
b. Fig. 19-150? 


19-31 Refer to Fig. 19—41 . Calculate the following: 


Sec," 


o o 


Sec" 
. the maximum allowable current in secondary 1. 


CY 


d. the maximum allowable current in secondary 2. 


e. the maximum allowable primary current. 


Figure 19-41 


Secondary 1 
PP... =60VA 


secy 


N,, = 40 turns 
1 


ZN Np = 150 turns 


V, = 120 V, 
ji ne Secondary 2 


P... = 100 VA 


seca 


Ng, = 75 turns 
2 


19-32 Refer to the transformer in Fig. 19—42. How much 
voltage would a DMM measure across the following 
secondary leads if the secondary current is 2 A? 


a. Vie- 
b. Vac. 


Es Vac. 


Figure 19-42 


Black Yellow 


Black 
=120 Vac 
Black Yellow 


19-33 How much is the primary current, lp, in Fig. 19—42 if 
the secondary current is 2 A? 


12.6 Vic CT. 
Rated ri 
Current = 


19-34 Repeat Prob. 19-32 if the secondary is unloaded. 


SECTION 19-8 IMPEDANCE TRANSFORMATION 
19-35 In Fig. 19-43, calculate the primary impedance, Zp, for 


a turns ratio W of 
3, 24; a 
b. 1:2. 

.11.18:1. 

d. 10:1. 

e, 1:3.16. 


oO 


Figure 19-43 


Np: Ne 
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19-36 In Fig. 19—44, calculate the required turns 


a NB 
ratio N, for 


a. Zp= 10 kQ and R =75Q. 
b.Z,= 100 Q and R = 25Q. 
c. Z= 100 Q and R = 10 kQ. 
d. Zp = 1 kQ and R = 200Q. 
e. Z= 50 Q and R, = 600 Q. 
f. Z=200 Qand R = 10Q. 


Figure 19-44 


Np: Ng 
7 $ N, x : 
19-37 In Fig. 19-45, what turns ratio, g> will provide 


maximum transfer of power from the amplifier to the 
4-Q speaker? 


Figure 19-45 


Amplifier 


R =4Q 
Speaker 


19-38 Using your answer from Prob. 19-37, calculate 
a. the primary impedance, Zp. 
b. the power delivered to the 4-Q speaker. 


c. the primary power. 


Critical Thinking 


19-48 Derive the formula: 
z-($] xz 
P= s 
19-49 Calculate the primary impedance Z, in Fig. 19—46. 


Inductance 


SECTION 19-12 INDUCTANCES IN SERIES OR 
PARALLEL 


19-39 Calculate the total inductance, L+, for the following 
combinations of series inductors. Assume no mutual 
induction. 


a.l,=5m 

b.L,=12mH andl, =6 mH. 

c. L = 220 4H, L, = 330 4H, and L; = 450 uH. 

d.L, =1mH,L,=500 wH, L, = 2.5 mH, and 
L,=6mH. 


andl,=15m 


19-40 Assuming that the inductor combinations listed in 
Prob. 19-39 are in parallel rather than series, 
calculate the equivalent inductance, Leg. Assume no 
mutual induction. 


19-41 A 100-mH and 300-mH inductor are connected in 
series-aiding and have a mutual inductance, Ly, of 
130 mH. What is the total inductance, L;? 


19-42 |f the inductors in Prob. 19—41 are connected in a 
series-opposing arrangement, how much is L? 


19-43 A 20-mH and 40-mH inductor have a coefficient of 
coupling, k, of 0.4. Calculate L if the inductors are 
a. series-aiding. 


b. series-opposing. 


19-44 Two 100-mH inductors in series have a total induc- 
tance, L, of 100 mH when connected in a 
series-opposing arrangement and 300 mH when 
connected in a series-aiding arrangement. Calculate 
Salye 


b. k. 


SECTION 19-13 ENERGY IN A MAGNETIC FIELD OF 
INDUCTANCE 


19-45 Calculate the energy in joules stored by a magnetic 
field created by 90 mA of current in a 60-mH inductor. 


19-46 Calculate the energy in joules stored by a magnetic 
field created by 200 mA in a 5-H inductor. 


19-47 A current of 3 A flows in a coil with an inductance of 
150 mH. How much energy is stored in the magnetic 
field? 


Figure 19-46 Circuit for Critical Thinking Prob. 19—49. 


Ng, = 50 turns 
R, =10Q 


Zp 


V 


N, = 100 turns 


Ng, = 25 turns 
2 


R =25Q 
2 
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19-50 In Fig. 19-47, calculate the impedance Z, across primary 
leads: (a) 1 and 3; (b) 1 and 2. (Note: Terminal 2 is a 
center-tap connection on the transformer primary. Also, 
the turns ratio of 4:1 is specified using leads 1 and 3 of 
the primary.) 

19-51 Refer to Fig. 19-38. If the transformer has an 

efficiency of 80 percent, calculate the primary 

current /p. 


Answers to Self-Reviews 19-1 a. 


b. time B 


19-2 a. 2H 
b. 32 mH 


19-3 a. 2V 
b. 200 V 


19-4 a. true 
b. true 


19-5 a. 1 


a 
b. 18 mH 


19-6 a. 240V 
b. 0.1 A 
c. false 
d 


. increase 


a. true 
b. true 
c. false 


19-8 a. false 
b. false 
c. true 


Laboratory Application Assignment 


In this lab application assignment, you will examine how a 
transformer can be used to step up or step down an AC voltage. 
You will measure the primary and secondary voltages as well as 
the primary and secondary currents for different values of load 
resistance connected to the secondary. From the measured 
values of voltage and current you will determine the primary 
and secondary power as well as the percent efficiency. 


Equipment: Obtain the following items from your instructor. 


* Isolation transformer and Variac 

+ Transformer: 120-V primary, 25.2-V, 2-A secondary with 
center tap 

* 25-Q,50-Q, and 100-Q power resistors (50-W power rating) 

* SPST switch 

e 2DMMs 
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coil with an iron core 


Figure 19-47 Circuit for Critical Thinking Prob. 19-50. 


Np: Ng 
4 


4: 
0) 
R, =50Q 


19-9 a. iron core 


b. 60 MHz 


19-10 a. true 
b. true 
c. true 


19-11 a. true 
b. true 


19-12 a. 1.5 mH 
b. 0.33 mH 


19-13 a. joule 
b. more 


19-14 a. true 
b. true 
c. true 


19-15 a. infinite ohms 
b. 120 V 


c. series 


Resistance Measurements 


Examine the transformer supplied to you for this experiment. 
By inspection, determine the primary and secondary leads of 
the transformer and relate it to the schematic symbol, as 
shown in Fig. 19—48. 


Figure 19-48 


1 3 
Seconda 

Primary 2d 4 

2 5 
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With a DMM, measure and record the resistance across each 
of the following transformer terminals. (Set the DMM to the 
lowest resistance range.) 


Ro= Ran = > 


Rr 
R3 = Ros = Ria = 


Which resistance measurements indicate isolation between the 
transformer windings? 


Effect of DC Voltage and Current 


Connect a 10-V,- supply to primary terminals 1 and 2 
in Fig. 19—48. Next, measure and record the following 
DC voltages in the secondary: 


V34= Vs = V= 


Are these measured voltages what you expected? If so, why? ___ 


Transformer Circuit 


Caution: In this part of the lab you will be working with 120 Vac. 
For your safety, you will need to use an isolation transformer. 
Plug the isolation transformer into the 120-V,c outlet on your 
benchtop and in turn plug the Variac into the isolation 
transformer. Next adjust the Variac for an output of 120 Vac. 
This is the voltage you will apply directly to the transformer 
primary. 


Unloaded Secondary 

Connect the circuit in Fig. 19-49. (Be sure the DMM in the 
primary is set to measure AC current.) Switch S4 is open. With 
exactly 120 V,- applied to the primary, measure and record the 
following secondary voltages: 


2 Vis = Vs = 


Based on your measured values, calculate the transformer 
turns ratio from the primary (1 and 2) to secondary (3 and 5). 
(Recall that Np/N; SN 


es 


Does the full secondary voltage, V35, measure higher than its 
rated value? 


Why? 


Figure 19-49 


DMM 


Power resistor 


120-V,¢, 60-Hz 
line isolated 


Y, 


2 


4 V R, 


Design credit Multisim: ©Stockbyte/Getty Images 


Inductance 


Record the primary current, lp, indicated by the DMM. 
h= 


R, =100Q 


Close S,. Measure and record the following values: 


V= ,ẹl= 


Make the following calculations based on the measured values 
of V; and lp. 


Calculate /, as Ve/R,. lo = 
Calculate k as V; X Ig. Ps = 
Caleu Psas Vex Po = 


Calculate the % efficiency as P/P, X 100. 
% efficiency = 


Repeat this procedure for each of the remaining load 
resistance values. 


R,=50Q 
Close S,. Measure and record the following values: 


Vs = 


p= 


Make the following calculations based on the measured values 
of V; and Ip. 


Calculate /, as V-/R,. le = 
Calculate P, as V; X ls. Ps = 


Calculate P, as V X Ip. = 


Calculate the % efficiency as P/P, X 100. 
% efficiency = 


R =25Q 
Close S,. Measure and record the following values: 


V= 


p= 


Make the following calculations based on the measured values 
of V. and /,. 


Calculate /, as Vo/R,. lo = 
Calculate P; as Vs X Ig. Ps = 


Calculate P, as Vp X Ip. Pp = 


Calculate the % efficiency as P/P, x 100. 
% efficiency = 


As the load resistance decreased in value, what happened to 
each of the following quantities? 


lee slink Brae eee % efficiency? 
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chapter 


Inductive 
Reactance 


hen alternating current flows in an inductance L, the amount of current is 

much less than the DC resistance alone would allow. The reason is that the 
current variations induce a voltage across L that opposes the applied voltage. This 
additional opposition of an inductance to sine-wave alternating current is specified 
by the amount of its inductive reactance X,. It is an opposition to current, measured 
in ohms. The X, is the ohms of opposition, therefore, that an inductance L has for 
sine-wave current. 


The amount of X, equals 2zfL ohms, with fin hertz and L in henrys. Note that the 
opposition in ohms of X, increases for higher frequencies and more inductance. The 
constant factor 27 indicates sine-wave variations. 


The requirements for X, correspond to what is needed to produce induced voltage. 
There must be variations in current and its associated magnetic flux. For a steady 
direct current without any changes in current, X, is zero. However, with sine-wave 


alternating current, X, is the best way to analyze the effect of L. E 


| Shapter Outline 


20-1 How X, Reduces the Amount of / 20-5 Applications of X, for Different 


20-2 X, = 2afl. Frequencies 
20-6 Waveshape of v, Induced by Sine-Wave 
Current 


20-3 Series and Parallel Inductive Reactances 


20-4 Ohm’s Law Applied to X, 


After studying this chapter, you should be able to 


mg Explain how inductive reactance reduces the ® Calculate the combined equivalent inductive 
amount of alternating current. reactance of parallel-connected inductors. 

B® Calculate the inductive reactance of an inductor =m Explain how Ohm’s law can be applied to 
when the frequency and inductance are known. inductive reactance. 

Æ Calculate the total inductive reactance of ™ Describe the waveshape of induced voltage 
series-connected inductors. produced by sine-wave alternating current. 


inductive reactance, X, phase angle proportional 


Inductive Reactance 629 


Figure 20-1 Illustrating the 
effect of inductive reactance X, in reducing 
the amount of sine-wave alternating 
current. (a) Bulb lights with 2.4 A. 

(b) Inserting an X, of 1000 Q reduces / to 
0.12 A, and the bulb cannot light. 
(c) With direct current, the coil has no 
inductive reactance, and the bulb lights. 


630 


20-1 How X, Reduces the Amount of I 


Figure 20-1 illustrates the effect of X, in reducing the alternating current for a light- 
bulb. The more ohms of X,, the less current flows. When X, reduces J to a very 
small value, the bulb cannot light. 

In Fig. 20-la, there is no inductance, and the AC voltage source produces a 
2.4-A current to light the bulb with full brilliance. This 2.4-A 7 results from 120 V 
applied across the 50-Q R of the bulb’s filament. 

In Fig. 20—1b, however, a coil is connected in series with the bulb. The coil has 
a DC resistance of only 1 Q, which is negligible, but the reactance of the inductance 
is 1000 Q. This 1000-Q X, is a measure of the coil’s reaction to sine-wave current 
in producing a self-induced voltage that opposes the applied voltage and reduces the 
current. Now J is 120 V/1000 Q, approximately, which equals 0.12 A. This Z is not 
enough to light the bulb. 

Although the DC resistance is only 1 Q, the X, of 1000 Q for the coil limits the 
amount of alternating current to such a low value that the bulb cannot light. This X, 
of 1000 Q for a 60-Hz current can be obtained with an inductance L of approxi- 
mately 2.65 H. 

In Fig. 20-1c, the coil is also in series with the bulb, but the applied battery volt- 
age produces a steady value of direct current. Without any current variations, the 
coil cannot induce any voltage and, therefore, it has no reactance. The amount of 
direct current, then, is practically the same as though the DC voltage source were 
connected directly across the bulb, and it lights with full brilliance. In this case, the 
coil is only a length of wire because there is no induced voltage without current 
variations. The DC resistance is the resistance of the wire in the coil. 

In summary, we can draw the following conclusions: 


1. An inductance can have appreciable X, in AC circuits to reduce the 
amount of current. Furthermore, the higher the frequency of the 
alternating current, and the greater the inductance, the higher the X, 
opposition. 

2. There is no X, for steady direct current. In this case, the coil is a 
resistance equal to the resistance of the wire. 


These effects have almost unlimited applications in practical circuits. Consider 
how useful ohms of X, can be for different kinds of current, compared with resis- 
tance, which always has the same ohms of opposition. One example is to use X, 
where it is desired to have high ohms of opposition to alternating current but little 
opposition to direct current. Another example is to use X, for more opposition to a 
high-frequency alternating current, compared with lower frequencies. 


XIs an Inductive Effect 


An inductance can have X, to reduce the amount of alternating current because self- 
induced voltage is produced to oppose the applied voltage. In Fig. 20-2, V, is the 
voltage across L, induced by the variations in sine-wave current produced by the 
applied voltage V,. 


Figure 20-2 The inductive reactance X, equals the V,//, ratio in ohms. 


_ 120 
-02 
=1000 Q 


xX 
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GOOD TO KNOW 


The inductive reactance, X,, of a 
coil is a result of the inductor’s 
counter emf with a varying 
current. The polarity of the 
counter emf is always such that it 


opposes a change in current. 


GOOD TO KNOW 


Inductive reactance, X,, is a 
measure of a coil’s opposition to 
the flow of sine-wave alternating 


current. X, is measured in ohms. 


Inductive Reactance 


The two voltages V, and V, are the same because they are in parallel. However, 
the current J, is the amount that allows the self-induced voltage V, to be equal to V,. 
In this example, / is 0.12 A. This value of a 60-Hz current in the inductance pro- 


duces a V, of 120 V. 


The Inductive Reactance Is a V/I Ratio 


The V/I ratio for the ohms of opposition to the sine-wave current is °%.12, which 
equals 1000 Q. This 1000 Q is what we call X,, to indicate how much current can be 
produced by sine-wave voltage across an inductance. The ohms of X, can be almost 
any amount, but the 1000 Q here is a typical example. 


The Effect of L and fon X, 


The X, value depends on the amount of inductance and on the frequency of the 
alternating current. If L in Fig. 20-2 were increased, it could induce the same 120 V 
for V, with less current. Then the ratio of V, /Z would be greater, meaning more X, 
for more inductance. 

Also, if the frequency were increased in Fig. 20—2, the current variations would 
be faster with a higher frequency. Then the same L could produce the 120 V for V, 
with less current. For this condition also, the V,,//,, ratio would be greater because 
of the smaller current, indicating more X, for a higher frequency. 


E 20-1 Self-Review 


Answers at the end of the chapter. 


a. For the DC circuit in Fig. 20—1c, how much is X,? 
b. For the AC circuit in Fig. 20-1b, how much is the V/I ratio for X,,? 


20-2 X, = 2afL 


The formula X, = 2zfL includes the effects of frequency and inductance for calcu- 
lating the inductive reactance. The frequency is in hertz, and L is in henrys for an X, 
in ohms. As an example, we can calculate X, for an inductance of 2.65 H at the 
frequency of 60 Hz: 


X, = 27fL (20-1) 
= 6.28 x 60 x 2.65 
X, = 1000 Q 


Note the following factors in the formula X, = 2fL. 


1. The constant factor 27 is always 2 x 3.14 = 6.28. It indicates the circular 
motion from which a sine wave is derived. Therefore, this formula applies 
only to sine-wave AC circuits. The 27 is actually 2z rad or 360° for a 
complete circle or cycle. 

2. The frequency fis a time element. Higher frequency means that the 
current varies at a faster rate. A faster current change can produce more 
self-induced voltage across a given inductance. The result is more X,. 

3. The inductance L indicates the physical factors of the coil that determine 
how much voltage it can induce for a given current change. 

4. Inductive reactance X, is in ohms, corresponding to a V,_//, ratio for 
sine-wave AC circuits, to determine how much current L allows for a 
given applied voltage. 


Stating X, as V,//, and as 2zfL are two ways of specifying the same value of 
ohms. The 2zfL formula gives the effect of L and fon the X,. The V, //, ratio gives 
the result of 27fL in reducing the amount of Z. 
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Figure 20-3 Graph of 


values to show linear increase of X, for 
higher frequencies. The L is constant 
at 0.32 H. 


X increases as f increases 


Frequency, X, = 2nfL, 
Hz Q 

(0) (0) 

100 200 

200 400 

300 600 

400 800 
800 
700 
600 
500 
a 400 

x 

300 
200 
100 


100 200 300 400 
Frequency (f), Hz 


Figure 20-4 Graph of values to show 


linear increase of X, for higher values of 
inductance L. The frequency is constant 
at 100 Hz. 


X, increases as L increases 


Inductance, X, = 2ail; 
H Q 


o o 
0.32 200 
0.64 400 
0.96 600 
1.28 800 
800 
700 
600 
500 
400 
x 
300 
200 
100 


0.32 0.64 0.96 1.28 
L,H 


632 


The formula 2zfL shows that X, is proportional to frequency. When fis dou- 
bled, for instance, X, is doubled. This linear increase in inductive reactance with 
frequency is illustrated in Fig. 20-3. 

The reactance formula also shows that X, is proportional to the inductance. 
When the value of henrys for L is doubled, the ohms of X, is also doubled. This 
linear increase of inductive reactance with inductance is illustrated in Fig. 20-4. 


Example 20-1 


How much is X, of a 6-mH L at 41.67 kHz? 


ANSWER 
X, =2afL 
= 6.28 x 41.67 x 10° x 6 x 1073 
= 1570Q 


Example 20-2 


Calculate the X, of (a) a 10-H L at 60 Hz and (b) a 5-H L at 60 Hz. 


ANSWER 
(a) Fora 10-H L, 
X, = 2af L = 6.28 x 60 x 10 
= 3768 Q 
(b) For a 5-H L, 
X, = 2 X 3768 = 1884 Q 


Example 20-3 


Calculate the X, of a 250-4H coil at (a) 1 MHz and (b) 10 MHz. 


ANSWER 


(a) At 1 MHz, 
X, = 2afL = 6.28 x 1 x 10° x 250 x 10° 
=1570Q 


(b) At 10 MHz, 
X, = 10 x 1570 = 15,700 Q 
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CALCULATOR 


To do a problem like Example 20-1 
with a calculator requires continued 
multiplication. Multiply all the 
factors and then press the) key 
only at the end. If the calculator does 
not have an (exponential) 
function key, do the powers of 10 
separately without the calculator. 
Specifically, for this example with 
2x X 6 X 10°? x 41.67 x 10°, the 
10? and 10°? cancel. Then calculate 
2 X 6 X 41.67 as factors. To save 
time in the calculation, 27 can be 
memorized as 6.28, since it occurs 
inmany AC formulas. For the multipli- 
cation, punch in 6.28 for 27 and 
then push the(x) key, punch in 6 
and push the(x) key again, punch in 
41.67, and push the(=)key for the 
total product of 1570 as the final 
answer. It is not necessary to use 
the(=)key until the last step for 
the final product. The factors can 


be multiplied in any order. 


Inductive Reactance 


The last two examples illustrate the fact that X, is proportional to frequency and 
inductance. In Example 20-25, X, is one-half the value in Example 20—2a because 
the inductance is one-half. In Example 20-3), the X, is 10 times more than in 
Example 20-3a because the frequency is 10 times higher. 


Finding L from X, 


Not only can X, be calculated from f and L, but if any two factors are known, the 
third can be found. Very often X, can be determined from voltage and current mea- 
surements. With the frequency known, L can be calculated as 


_ XL 
= Daf 
This formula has the factors inverted from Formula (20-1). Use the basic units with 


ohms for X, and hertz for f to calculate L in henrys. 
It should be noted that Formula (20-2) can also be stated as 


L (20-2) 


esol. 
L= gx 


This form is easier to use with a calculator because | /2zf can be found as a recipro- 
cal value and then multiplied by X,. 

The following problems illustrate how to find X, from V and J measurements and 
using X, to determine L with Formula (20-2). 


Example 20-4 


A coil with negligible resistance has 62.8 V across it with 0.01 A of current. 
How much is X,? 


ANSWER 
oe ee OEY 
L77, 7001A 
= 6280 Q 


Example 20-5 


Calculate L of the coil in Example 20—4 when the frequency is 1000 Hz. 


ANSWER 
L= 2% = 6280 
2af 6.28 x 1000 
=1H 
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GOOD TO KNOW 


Although L can be determined 
when X, and f are known, its 
value is determined strictly by its 


physical construction. 


CALCULATOR 


To do Example 20-6 with a calculator, 
first find the product 2zf and then 
take the reciprocal to multiply by 
15,700. Note that with powers of 10 a 
reciprocal value has the sign reversed 
for the exponent. Specifically, 10° in 
the denominator here becomes 10% 
as the reciprocal. To multiply the 
factors, punch in 6.28 and then push 
the(x)key, punch in 12, and push 
the(=)key for the total product of 
75.36. Take the reciprocal by using 
the @) key, while the product is still 
on the display. This may require 
pushing the QD or “shift” key on 
the calculator. The reciprocal value is 
0.0133. Now press the(x)key, 
punch in 15,700, and push the) 
key for the answer of 208.8 x 10°. 
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Example 20-6 


Calculate L of a coil that has 15,700 Q of X, at 12 MHz. 


ANSWER 
= X =, i 
L= 2af 2af” Xy 
_ 1 
= 6.28 x12 x 108 * 19-700 
= 0.0133 x 10° x 15,700 
=208.8x10°H or 208.8 uH 
Finding ffrom X, 
For a third version of the inductive reactance formula, 
Xi 
J= 2aL (20-3) 


Use the basic units of ohms for X, and henrys for L to calculate the frequency in 
hertz. 
Formula 20-3 can also be stated as 
f= RY 
2aL ° T 
This form is easier to use with a calculator. Find the reciprocal value and multiply 
by X,, as explained before in Example 20-6. 


Example 20-7 


At what frequency will an inductance of 1 H have a reactance of 1000 Q? 


ANSWER 
fest xx,=—__ x 1000 
laL” LT 6.281 
= 0.159 x 1000 
= 159 Hz 


E 20-2 Self-Review 


Answers at the end of the chapter. 


Calculate X, for the following: 
Lis 1 H and f is 100 Hz. 

Lis 0.5 H and f is 100 Hz. 

c. Lis 1 H and fis 1000 Hz. 
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Inductive Reactance 


Figure 20-5 Combining ohms of X, for inductive reactances. (a) X,, and X,, in series. 
(b) X, and X, in parallel. 


X= 
100 Q 
X,, = 100 + 200 Meg = X= 
=3002 
Xigg = 6673 Q ane 
X= o 
200 Q 
(a) (b) 


20-3 Series and Parallel Inductive 
Reactances 


Since reactance is an opposition in ohms, the values of X, in series or in parallel are 
combined the same way as ohms of resistance. With series reactances, the total is 
the sum of the individual values, as shown in Fig. 20-5a. For example, the series 
reactances of 100 and 200 Q add to equal 300 Q of X, across both reactances. There- 
fore, in series, 


Xo =X, +X, +X, teo + ete. (20-4) 


The combined equivalent reactance of parallel connected reactances is calcu- 
lated using the reciprocal formula. As shown in Fig. 20-5), in parallel 


Aia” 1 1 ! (20-5) 
e iy a 


The combined equivalent parallel reactance is always less than the lowest branch 
reactance. Any shortcuts for calculating parallel resistances also apply to parallel 
reactances. For instance, the combined equivalent reactance of two equal reactances 
in parallel is one-half either reactance. 


E 20-3 Self-Review 
Answers at the end of the chapter. 


a. An X, of 200 Q is in series with a 300-Q X,. How much is the total 
X? 

b. An X, of 200 Q is in parallel with a 300-Q X,. How much is the 
combined X, Leo? 


20-4 Ohm’s Law Applied to X, 


The amount of current in an AC circuit with only inductive reactance is equal to the 
applied voltage divided by X,. Three examples are given in Fig. 20-6. No DC resis- 
tance is indicated, since it is assumed to be practically zero for the coils shown. In 
Fig. 20-6a, there is one reactance of 100 Q. Then J equals V/X,, or 100 V/100 Q, 
which is 1 A. 

In Fig. 20-6), the total reactance is the sum of the two individual series reac- 
tances of 100 Q each, for a total of 200 Q. The current, calculated as V/X, , then 
equals 100 V/200 Q, which is 0.5 A. This current is the same in both series reac- 
tances. Therefore, the voltage across each reactance equals its JX, product. This is 
0.5 A x 100 Q, or 50 V across each X,. 
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Figure 20-6 Circuit calculations with V, /, and ohms of reactance X,. (a) One reactance. (b) Two series reactances. (c) Two parallel 


reactances. 


636 


In Fig. 20-6c, each parallel reactance has its individual branch current, equal to 
the applied voltage divided by the branch reactance. Then each branch current 
equals 100 V/100 Q, which is 1 A. The voltage is the same across both reactances, 
equal to the generator voltage, since they are all in parallel. 

The total line current of 2 A is the sum of the two individual 1-A branch currents. 
With the rms value for the applied voltage, all calculated values of currents and volt- 
age drops in Fig. 20-6 are also rms values. 


E 20-4 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 20-6b, how much is the 7 through both X, and X,? 
b. In Fig. 20-6c, how much is the V across both X, and X,? 


20-5 Applications of X, for Different 
Frequencies 


The general use of inductance is to provide minimum reactance for relatively low 
frequencies but more for higher frequencies. In this way, the current in an AC circuit 
can be reduced for higher frequencies because of more X,. There are many circuits 
in which voltages of different frequencies are applied to produce current with differ- 
ent frequencies. Then, the general effect of X, is to allow the most current for direct 
current and low frequencies, with less current for higher frequencies, as X, increases. 

Compare this frequency factor for ohms of X, with ohms of resistance. The X, 
increases with frequency, but R has the same effect in limiting direct current or 
alternating current of any frequency. 

If 1000 Q is taken as a suitable value of X, for many applications, typical induc- 
tances can be calculated for different frequencies. These are listed in Table 20-1. 

At 60 Hz, for example, the inductance L in the top row of Table 20-1 is 2.65 H 
for 1000 Q of X,. The calculations are 


2nf 2n x 60 
_ 1000 
377 


= 2.65 H 


For this case, the inductance has practically no reactance for direct current or for 
very low frequencies below 60 Hz. However, above 60 Hz, the inductive reactance 
increases to more than 1000 Q. 
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GOOD TO KNOW 


For the most part, inductor 
values below 1 „uH are not 
practical for use in electronic 
circuits. For this reason, the 
nanohenry unit of inductance is 


practically unheard of. 


Inductive Reactance 


Values of Inductance 


Table 20-1 | | for X, of 1000 Q 
L* (Approx.) Frequency Remarks 
25651 60 Hz Power-line frequency and 
low audio frequency 

160 mH 1000 Hz Medium audio frequency 
16 mH 10,000 Hz High audio frequency 
160 uH 1000 kHz (RF) In radio broadcast band 
16 uH 10 MHz (HF) In shortwave radio band 
1.6 uH 100 MHz (VHF) In FM broadcast band 


* Calculated as L = 1000/(27f ). 


To summarize, the effects of increasing frequencies for this 2.65-H inductance 
are as follows: 


Inductive reactance X, is zero for 0 Hz which corresponds to a steady 
direct current. 
Inductive reactance X, is less than 1000 Q for frequencies below 60 Hz. 
Inductive reactance X, equals 1000 at 60 Hz. 
Inductive reactance X, is more than 1000 Q for frequencies 
above 60 Hz. 


Note that the smaller inductances at the bottom of the first column still have the 
same X, of 1000 Q as the frequency is increased. Typical rf coils, for instance, have 
an inductance value of the order of 100 to 300 uH. For the very high frequency (VHF) 
range, only several microhenrys of inductance are needed for an X, of 1000 Q. 

It is necessary to use smaller inductance values as the frequency is increased 
because a coil that is too large can have excessive losses at high frequencies. With 
iron-core coils, particularly, the hysteresis and eddy-current losses increase with 
frequency. 


E 20-5 Self-Review 
Answers at the end of the chapter. 


Refer to Table 20-1. 
a. Which frequency requires the smallest L for 1000 Q of X,,? 
b. How much would X, be for a 1.6-~H L at 200 MHz? 


20-6 Waveshape of v, Induced 
by Sine-Wave Current 


More details of inductive circuits can be analyzed by means of the waveshapes in 
Fig. 20-7, plotted for the calculated values in Table 20-2. The top curve shows a 
sine wave of current i, flowing through a 6-mH inductance L. Since induced voltage 
depends on the rate of change of current rather than on the absolute value of i, the 
curve in Fig. 20-7b shows how much the current changes. In this curve, the di/dt 
values are plotted for the current changes every 30° of the cycle. The bottom curve 
shows the actual induced voltage v,. This v, curve is similar to the di/dt curve 
because v, equals the constant factor L multiplied by di/dt. Note that di/dt indicates 
infinitely small changes in i and t. 
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Figure 20-7 Waveshapes in inductive circuits. (a) Sine-wave current i; (b) changes in current with time di/dt; (0 induced voltage v. 


i, mA 


100 
80 


i = sine wave 


150° 


120° 210° 240° 270° 300° 330° 360° 


(a) 


di f 
= = cosine wave 
dt 


(b) 


160 
140 
120 
100 


- di 
80 v, = cosine wave = La 


100 
120 
140 
160 


(c) 


GOOD TO KNOW 90° Phase Angle 


For an inductor, the induced The v, curve at the bottom of Fig. 20-7 has its zero values when the i, curve at the 
voltage, v,, always leads the top is at maximum. This comparison shows that the curves are 90° out of phase. The 


current / by 90°. This is true 


regardless of the values for f and L. 
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v, is a cosine wave of voltage for the sine wave of current i, . 

The 90° phase difference results from the fact that v, depends on the di/dt rate of 
change, rather than on i itself. More details of this 90° phase angle between v, and 
i, for inductance are explained in the next chapter. 
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Values for v, = L(di/dt) Curves in Figure 20-7 


Table 20-2 
Time 
0 Hs 
30° 2 
60° 4 
90° 6 
120" 8 
150° 10 
180° 12 
ZIO 14 
240° 16 
DUO" 18 
300° 20 
330° DA 
360° 24 


Inductive Reactance 


dt 


di/dt, v, =L(di/dt), 
Hs di, mA mA/ps L,mH vV 
2 50 25 6 150 
2 36.6 18.3 6 109.8 
2 13.4 S 6 40.2 
2 —13.4 —6.7 6 —40.2 
2 —36.6 —18.3 6 —109.8 
2 —50 —25 6 —150 
2 —50 —25 6 —150 
2 —36.6 —18.3 6 —109.8 
2 —13.4 —6.7 6 —40.2 
2 13.4 ©.// 6 40.2 
2 36.6 183 6 109.8 
2 50 25 6 150 

Frequency 


For each of the curves, the period T is 24 us. Therefore, the frequency is 1/T or 
4a us, Which equals 41.67 kHz. Each curve has the same frequency. 


Ohms of X, 


The ratio of v, /i, specifies the inductive reactance in ohms. For this comparison, we 
use the actual value of į, which has a peak value of 100 mA. The rate-of-change 
factor is included in the induced voltage v,. Although the peak of v, at 150 V is 90° 
before the peak of i, at 100 mA, we can compare these two peak values. Then v, /i, 
is %1, which equals 1500 Q. 

This X, is only approximate because v, cannot be determined exactly for the 
large dt changes every 30°. If we used smaller intervals of time, the peak v, would 
be 157 V. Then X, would be 1570 Q, the same as 27fL Q with a 6-mH L and a fre- 
quency of 41.67 kHz. This is the same X, problem as Example 20-1. 


The Tabulated Values from O° to 90° 


The numerical values in Table 20-2 are calculated as follows: The i curve is a sine 
wave. This means that it rises to one-half its peak value in 30°, to 0.866 of the peak 
in 60°, and the peak value is at 90°. 

In the di/dt curve, the changes in i are plotted. For the first 30°, the di is 50 mA; 
the dt change is 2 us. Then di/dt is *% or 25 mA/ys. This point is plotted between 
0° and 30° to indicate that 25 mA/ys is the rate of change of current for the 2-ys 
interval between 0° and 30°. If smaller intervals were used, the di/dt values could 
be determined more accurately. 
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During the next 2-ys interval from 30° to 60°, the current increases from 50 to 
86.6 mA. The change of current during this time is 86.6 — 50, which equals 36.6 mA. 
The time is the same 2 ys for all the intervals. Then di/dt for the next plotted point 
is *°%, or 18.3. 

For the final 2-~s change before i reaches its peak at 100 mA, the di value is 
100 — 86.6, or 13.4 mA, and the di/dt value is 6.7. All of these values are listed in 
Table 20-2. 

Notice that the di/dt curve in Fig. 20-7b has its peak at the zero value of 
the i curve and the peak i values correspond to zero on the di/dt curves. These 
conditions result because the sine wave of i has its sharpest slope at the zero values. 
The rate of change is greatest when the i curve is going through the zero axis. The 
i curve flattens near the peaks and has a zero rate of change exactly at the peak. 
The curve must stop going up before it can come down. In summary, then, the di/dt 
curve and the i curve are 90° out of phase with each other. 

The v, curve follows the di/dt curve exactly, as v, = L(di/dt). The phase of the 
v, curve is exactly the same as that of the di/dt curve, 90° out of phase with the 
i curve. For the first plotted point, 

; m3 
w= LE = 6 x 10° x PXW 
=150V 


The other v, values are calculated the same way, multiplying the constant factor of 
6 mH by the di/dt value for each 2-ys interval. 


90° to 180° 


In this quarter-cycle, the sine wave of i decreases from its peak of 100 mA at 90° to 
zero at 180°. This decrease is considered a negative value for di, as the slope is nega- 
tive going downward. Physically, the decrease in current means that its associated 
magnetic flux is collapsing, compared with the expanding flux as the current 
increases. The opposite motion of the collapsing flux must make v, of opposite 
polarity, compared with the induced voltage polarity for increasing flux. This is why 
the di values are negative from 90° to 180°. The di/dt values are also negative, and 
the v, values are negative. 


180° to 270° 


In this quarter-cycle, the current increases in the reverse direction. If the magnetic 
flux is considered counterclockwise around the conductor with +i values, the flux 
is in the reversed clockwise direction with —i values. Any induced voltage produced 
by expanding flux in one direction will have opposite polarity from voltage induced 
by expanding flux in the opposite direction. This is why the di values are considered 
negative from 180° to 270°, as in the second quarter-cycle, compared with the posi- 
tive di values from 0° to 90°. Actually, increasing negative values and decreasing 
positive values are changing in the same direction. This is why v, is negative for 
both the second and third quarter-cycles. 


270° to 360° 


In the last quarter-cycle, the negative i values are decreasing. Now the effect on 
polarity is like two negatives making a positive. The current and its magnetic flux 
have the negative direction. But the flux is collapsing, which induces opposite volt- 
age from increasing flux. Therefore, the di values from 270° to 360° are positive, as 
are the di/dt values and the induced voltages v,. 

The same action is repeated for each cycle of sine-wave current. Then the current 
i, and the induced voltage v, are 90° out of phase. The reason is that v, depends on 
di/dt, not on i alone. 
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Inductive Reactance 


Figure 20-8 How a 90° phase angle for the V, applies in a complex circuit with more than 
one inductance. The current /; lags V, by 90°, / lags V, by 90°, and J, lags VY, by 90°. 


nA) <— 


Application of the 90° Phase Angle in a Circuit 


The phase angle of 90° between V, and / will always apply for any L with sine-wave 
current. Remember, though, that the specific comparison is only between the 
induced voltage across any one coil and the current flowing in its turns. To empha- 
size this important principle, Fig. 20-8 shows an AC circuit with a few coils and 
resistors. The details of this complex circuit are not to be analyzed now. However, 
for each L in the circuit, the V, is 90° out of phase with its 7. The J lags V, by 90°, or 
V, leads J. For the three coils in Fig. 20-8, 


Current J, lags V, by 90°. 
Current J, lags V,, by 90°. 
Current J, lags V, by 90°. 
Note that J, is also /, for the series-parallel circuit. 


E 20-6 Self-Review 
Answers at the end of the chapter. 
Refer to Fig. 20-7. 
a. At what angle does i have its maximum positive value? 
At what angle does v, have its maximum positive value? 


c. What is the phase angle difference between the waveforms for i 
and v,? 
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Summary 


Inductive reactance is the opposition 
of an inductance to the flow of sine- 
wave alternating current. The symbol 
for inductive reactance is X,. 


Reactance X, is measured in ohms 
because it limits the current to the 
value / = V/X,.With Vin volts and 


At a constant frequency, X, 
increases proportionately with 
higher inductances. 

With X, and f known, the inductance 
L=X,/(2nf). 

With X, and L known, the frequency 
f=X/Cnb. 


The equivalent inductive reactance 
of parallel connected reactances is 
calculated using the reciprocal 
formula, as for parallel resistances. 
Each branch current is V/X,. The 
total line current is the sum of the 
individual branch currents. 


X in ohms, /is in amperes. able 20-3 summarizes the 


oe: S The total X, of reactances in series diferencesbetweent and X 
X, = 2nfL, where fis in hertz, Lis in is the sum of the individual values, A 
henrys, and X_is in ohms. 


as for series resistances. Series 

reactances have the same current. Table 20-5, summarizes the 

The voltage across each inductive differences between capacitive 
reactance is /X,. reactance and inductive reactance. 


able 20-4, compares X, and R. 


With a constant L, X, increases 
proportionately with higher 
frequencies. 


Comparison of Inductance 


Table 20-3 and Inductive Reactance 


Inductance Inductive Reactance 


Symbol is L Symbol is X, 


Measured in henry units Measured in ohm units 


Depends on frequency and 
inductance 


X, =v,/i, or 2zfL, in Q units 


Depends on construction 
of coil 


L=v,/(di/dt), in H units 


Table 20-4 Comparison of X, and R 


x, R 
Ohm unit Ohm unit 
Increases for higher frequencies Same for all frequencies 


Current in phase with voltage 
(9=0°) 


Current lags voltage by 90° 
(0 = 90°) 


Table 20-5 Comparison of Capacitive and 


Inductive Reactances 


Xo Q ya 


Increases with more 
inductance L 


Decreases with more 
capacitance C 


Increases with increase in 
frequency f 


Decreases with increase in 
frequency f 


Allows more current at 
lower frequencies; passes 
direct current 


Allows less current at lower 
frequencies; blocks direct 
current 
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Important Terms 


Inductive reactance, X, — a measure of 
an inductor’s opposition to the flow of 
alternating current. X, is measured in 
ohms and is calculated as X, = 2afL or 
V 

X= T X, applies only to sine-wave 
È 

alternating current. 


Phase angle — the angular difference or 
displacement between two 


Related Formulas 


X. = 2nfl 
x. 

L = nt 
xX. 

j= 20 


Self-Test 


Answers at the back of the book. 


1. The unit of inductive reactance, X,, is 
the 


a. henry. 
b. ohm. 
c. farad. 
d. hertz. 


2. The inductive reactance, X,, of an 
inductor is 


a. inversely proportional to frequency. 
b. unaffected by frequency. 
c. directly proportional to frequency. 


d. inversely proportional to 
inductance. 


3. For an inductor, the induced voltage, 


V, 


L? 
a. leads the inductor current, i, by 
90°. 


b. lags the inductor current, i , by 90°. 


c. is in phase with the inductor 
current, /,. 


d. none of the above. 


4. For a steady DC current, the X, of an 
inductor is 


a. infinite. 


b. extremely high. 


Inductive Reactance 


waveforms. For an inductor, the 
induced voltage, v„ reaches its 
maximum value 90° ahead of the 
inductor current, į. As a result, the 
induced voltage, v, across an 
inductor is said to lead the inductor 
current, i, by a phase angle of 90°. 


Proportional — a mathematical term 
used to describe the relationship 


x x 
as 


x 


1 


between two quantities. For example, 
in the formula X, = 2zfL, X, is directly 
proportional to both the frequency, f, 
and the inductance, L. The term 
proportional means that if either for L 
is doubled X, will double. Similarly, if 
either for Lis reduced by one-half, X, 
will be reduced by one-half. In other 
words, X, will increase or decrease in 
direct proportion to either for L. 


LEX +X +X, +: + etc. (Series inductors) 


c. usually about 10 kQ. 
d.0Q. 


5. What is the inductive reactance, X,, 
of a 100-mH coil at a frequency of 
3.183 kHz? 


a. 2 kQ. 
b. 200 Q. 
c. 1 MQ. 
d.4Q. 


6. At what frequency does a 60-mH 
inductor have an X, value of 1 kQ? 


a. 377 Hz. 

b. 265 kHz. 
c. 2.65 kHz. 
d.15.9 kHz. 


7. What value of inductance will 
provide an X, of 500 Q ata 
frequency of 159.15 kHz? 


a. 5H. 

b. 500 uH. 
c. 500 mH. 
d. 750 u 


"e Vi + xo + Yu, bo? et 


10. 


< (Parallel inductors) 


. Two inductors, L, and L,, are 


in series. If X = 4 kQ and 
X = 2 kQ, how much is X, ? 
a. 6 kQ. 

b. 1.33 kQ. 

c. 4.47 kQ. 

d. 2 kQ. 


. Two inductors, L, and L,, are in 


parallel. If X_ =1 kQ and X_ = 
1 kQ, how much is X,_,? 


a. 707 Q. 

b. 2 kQ. 

c. 1.414 kQ. 
d. 500 Q. 


How much is the inductance of a coil 
that draws 25 mA of current from a 
24-V,c source whose frequency is 

1 kHz? 


a. 63.7 pH. 
b: 1528 m 
6.6.37 H. 
d. 15.28 m 
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Essay Questions 


1. Explain briefly why X, limits the amount of alternating current. 
2. Give two differences and one similarity between X, and R. 


3. Explain why X, increases with higher frequencies and 
more inductance. 


4. Give two differences between the inductance L of a coil 
and its reactance X. 


5. Why are the waves in Fig. 20—7a and b considered 90° 
out of phase, whereas the waves in Fig. 20—7b and c 
have the same phase? 


6. Referring to Fig. 20-3, how does this graph show a 
linear proportion between X, and frequency? 


Problems 


SECTION 20-1 HOW X, REDUCES THE AMOUNT 
OF / 


20-1 How much is the inductive reactance, X,, of a coil fora 
steady DC current? 


20-2 List two factors that determine the amount of 
inductive reactance a coil will have. 


20-3 In Fig. 20-9, how much DC current will be indicated by 
the ammeter, M,, with S, in position 1? 


Figure 20-9 


100 Vac r=40Q 


20-4 In Fig. 20-9, how much inductive reactance, X,, does 
the coil have with S, in position 1? Explain your 
answer. 


20-5 In Fig. 20-9, the ammeter, M,, reads an AC current of 
25 mA with S; in position 2. 


a. Why is there less current in the circuit with S, in 
position 2 compared to position 1? 


b. How much is the inductive reactance, X,, of the coil? 
(Ignore the effect of the coil resistance, r.) 


20-6 In Fig. 20-10, how much is the inductive reactance, X, 
for each of the following values of Vic and /? 


a. Vie = 10V and /=2 mA. 
b. Vac = 50 V and / = 20 pA. 
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7. Referring to Fig. 20—4, how does this graph show a 
linear proportion between X, and L? 


8. Referring to Fig. 20-3, tabulate the values of L that 
would be needed for each frequency listed but for an X, 
of 2000 Q. (Do not include O Hz.) 


9. (a) Draw the circuit for a 40-Q R across a 120-V, 60-Hz 
source. (b) Draw the circuit for a 40-Q X, across a 120- 
V, 60-Hz source. (c) Why is / equal to 3 A for both 
circuits? (d) Give two differences between the circuits. 


10. Why are coils for rf applications generally smaller than 
af coils? 


c. Vc =12Vand/=15 mA. 
d. Vc = 6 V and | = 40 pA. 
e. Va = 120 V and / = 400 mA. 


SECTION 20-2 X, = 2z7fL 


Figure 20-10 


20-7 Calculate the inductive reactance, X,, of a 100-mH 


inductor at the following frequencies: 
a. f= 60 Hz. 

b. f= 120 Hz. 

c. f= 1.592 kHz. 

d.f=10 kHz. 


20-8 Calculate the inductive reactance, X,, of a 50-uH coil 
at the following frequencies: 


a. f= 60 Hz. 

b. f= 10 kHz. 
c. f= 500 kHz. 
d. f= 3.8 MHz. 


20-9 What value of inductance, L, will provide an X, value of 
1 kQ at the following frequencies? 


a. f= 318.3 Hz. 
b. f= 1.591 kHz. 
c. f=5 kHz. 

d. f= 6.36 kHz. 
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20-10 At what frequency will a 30-mH inductor provide an X, 
value of 


a. 50 Q? 
b. 200 Q? 
c. 1 KO? 
d. 40 kQ? 


20-11 How much is the inductance of a coil that draws 15 mA 
from a 24-V,c source whose frequency is 1 kHz? 


20-12 At what frequency will a stray inductance of 0.25 uH 
have an X, value of 100 Q? 


20-13 A 25-mH coil draws 2 mA of current from a 10-V,- 
source. What is the value of current drawn by the 
inductor when 


a. the frequency is doubled? 

b. the frequency is reduced by one-half? 

c. the inductance is doubled to 50 mH? 

d. the inductance is reduced by one-half to 12.5 mH? 


20-14 A coil has an inductive reactance, X,, of 10 kQ at a 
given frequency. What is the value of X, when the 
frequency is 


a. cut in half? 

b. doubled? 

c. quadrupled? 

d. increased by a factor 10? 


20-15 Calculate the inductive reactance, X,, for the following 
inductance and frequency values: 


a.L=/7H,f=60 Hz. 

b.L = 25 wH, f= 7 MHz. 
c.L=500 mH, f= 318.31 Hz. 
d.L=1 mH, f= 159.2 kHz. 


20-16 Determine the inductance value for the following 
frequency and X, values: 


a. X, =50Q, f= 15.91 kHz. 
b.X, = 2 kQ, f= 5 kHz. 
c. X = 10 Q, f= 795.7 kHz. 
d. X, =4 kQ, f= 6 kHz. 


20-17 Determine the frequency for the following inductance 
and X, values: 


a. L=80 mH, X, =1 kQ. 

b. L= 60 pH, X, = 200 Q. 
c. L=5 H, X, = 100 kQ. 
d.L=150 mH, X, =7.5 kQ. 


SECTION 20-3 SERIES AND PARALLEL INDUCTIVE 
REACTANCES 


20-18 How much is the total inductive reactance, Xi» for the 
following series inductive reactances: 


a. X = 250 Q and X= 1.5kQ. 

b. X, = 200 Q, X, = 400 Q and X_=800 Q. 
c. X, = 10 kQ, X = 30 kQ and X_=15 kQ. 
d. X, = 1.8 kQ, X = 2.2 kQ and X =1 kQ. 


Inductive Reactance 


20-19 What is the equivalent inductive reactance, Xişg for 
the following parallel inductive reactances? 


a. X, = 1.2 kQ and X, = 1.8 kQ. 
b. X1, = 1.5 kQ and X, =1 kQ. 
c. X, = 1.2 kQ, X, = 400 Q and X, = 300 Q. 


d.X, = 1 kQ, X, = 4 kQ, X, =800Q, and 
X =20Q. ` 


SECTION 20-4 OHM’S LAW APPLIED TOX, 
20-20 In Fig. 20-11, calculate the current, /. 


Figure 20-11 


X,=15 kQ 


V = 120 Vac A) 


20-21 In Fig. 20-11, what happens to the current, /, when 
the frequency of the applied voltage 


a. decreases? 


b. increases? 


20-22 In Fig. 20-12, solve for 
a.X_. 

b. /. 

c. Vo Vip and V 


Figure 20-12 


X,,= 100 2 


Vr = 24 Vac X= 1202 


X,,= 1802 


20-23 In Fig. 20-12, solve for L, L», Ls, and L+ if the frequency 


of the applied voltage is 1.591 kHz. 


20-24 In Fig. 20-13, solve for 
a. Xp Xip and X, 


d. V Vp and V 


e. L. 
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Galy 


Figure 20-13 


d. X o 
L,=50 mH earls 
Figure 20-15 
B alii 
V; = 32 Vac 
f = 6.366 kHz 
L3 =150 mH 
20-25 In Fig. 20-14, solve for SECTION 20-5 APPLICATIONS OF X, FOR 
a. hp hp and I DIFFERENT FREQUENCIES 
b. h. 20-28 Calculate the value of inductance, L, required to 
cx produce an X, value of 500 Q at the following 
A ien ; 
es) frequencies: 
Figure 20-14 a. f= 250 Hz. 
b. f= 636.6 Hz. 
c. f= 3.183 kHz. 
d. f= 7.957 kHz. 


SECTION 20-6 WAVESHAPE OF V, INDUCED BY 
SINE-WAVE CURRENT 


20-29 For an inductor, what is the phase relationship 
between the induced voltage, V, and the inductor 
current, į? Explain your answer. 


20-26 In Fig. 20-14, solve for L, L>, L, and L if the frequency 


of the applied voltage is 6.366 kHz. 20-30 For a sine wave of alternating current flowing through 
an inductor, at what angles in the cycle will the induced 
20-27 In Fig. 20-15, solve for voltage be 
a. XL Xp and X a. maximum? 
b. h> h, and hy b. zero? 
Critical Thinking 


20-31 In Fig. 20-16, calculate L4, La, La, Lr, XL XX Vio Vigle» 20-33 Three inductors in parallel have an equivalent 
and h, inductance Leo of 7.5 mH. If L =3 L; and L= 4 L, 
calculate L,, L», and L. 
20-32 Two inductors in series without L, have a total 
inductance L, of 120 uH. If L,/L, = '/20, what are the 


values for L and L,? 


Figure 20-16 Circuit for Critical Thinking Prob. 20-31. 


r> 
| }=20 mA 
v 


V,;=36V 
f= 3183 kHz 
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Answers to Self-Reviews 20-1 a. 02 20-4 a. 05A 


b. 1000 Q b. 100V 
20-2 a. 628 Q 20-5 a. 100 MHz 
b. 314 Q b. 2000 Q 
c. 6280 Q 
20-6 a. 90° 
20-3 a. 500 Q b. 0° or 360° 
b. 120Q c. 90° 


Laboratory Application Assignment 


In this lab application assignment, you will examine how the 


inductive reactance, X,, of an inductor increases when the Figure 20-17 
frequency, f, increases. You will also see that more inductance, 
L, at a given frequency results in more inductive reactance, X,. 
Finally, you will observe how X, values combine in series and 
in parallel. 
v=svims (V) L=100 mH 
Equipment: Obtain the following items from your instructor. 
* Function generator 
* 33-mH and 100-mH inductors 
< DMM 
. . (o) 
DC Resistance, r,, of a Coil 
With a DMM, measure and record the DC resistance of each 
inductor. Set the DMM to the lowest resistance range when 
measuring r. 
V= 5 Vrms i 
n=— (33 mH) f=5 kHz Gy 
i (Omn) 
Inductive Reactance, X, 
Refer to Fig. 20-1 7a. Calculate and record the value of X, for (b) 
each of the following frequencies listed below. Calculate X, as 
2afl. Refer to Fig. 20-176. With the frequency, f, set to 5 kHz, 
X= @ f=500 Hz calculate and record the value of X, for each of the following 
X= @ f=1kHz inductance values listed below. Calculate X, as 2zfL. 
X, = —____ @ f= 2 kHz “= when L = 33 mH 
Connect the circuit in Fig. 20-1 7a. Set the voltage source to X= —— when L= 100 mH 


exactly 5 Vrms. For each of the following frequencies listed 
below, measure and record the current, /. (Use a DMM to 
measure /.) Next, calculate X, as V/I. 


Connect the circuit in Fig. 20-176. Adjust the frequency, f, of 
the function generator to exactly 5 kHz. For each inductance 
value listed below, measure and record the current, /. (Use a 


j= @ f= 500 Hz; X, = DMM to measure /.) Next, calculate X, as V//. 
/=______ @ f=1 kHz; x, =—_____ I= when L=33 mH; X = 

[= —____@ f=2kHz; X= [= when L = 100 mH; X, = 

How do the experimental values of X, compare to the Is X, proportional or inversely proportional to the value of 
calculated values? dictan? 

Based on your experimental values, what happens to the 

value of X, every time the frequency, f, doubles? Did the DC resistance, r, of the inductors affect any of your 


Is X, proportional or inversely proportional to the frequency, f? measurements? 
If so, explain. 
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Series Inductive Reactances 


Refer to the circuit in Fig. 20—-18a. Calculate and record the 

following values: 

X= X= X= + 

l= Fi v. = VL = 
1 2 

Do V, and V, add to equal V}? 


Construct the circuit in Fig. 20-1 8a. Set the frequency of the 
function generator to exactly 5 kHz. Next, using a DMM, 
measure and record the following values: 

[= : Vi z TAT 

Using the measured values of voltage and current, calculate 


the following values: 
Le = i 


Are the experimental values calculated here close to those 
initially calculated? 


Parallel Inductive Reactances 


Refer to the circuit in Fig. 20-18b. Calculate and record the 
following values: 

X =— XS h,= r 

l= 7 ; 
Do I, and /_, add to equal 4? 


Leoa 


Construct the circuit in Fig. 20-1 8b. Set the frequency of the 
function generator to exactly 5 kHz. Next, using a DMM, 
measure and record the following values: 

Le l= h= 

Using the measured values of voltage and current, calculate 


the following values: 
x, = irae Coats x, T i Xita F ae 
Are the experimental values calculated here similar to those 


initially calculated? 


Figure 20-18 


L,=33mH 


V, = 5 Vrms 
f=5 kHz 


Design credit Multisim: ©Stockbyte/Getty Images 
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L,=100 mH 


Va = 5 Vrms 


EEE L, = 100 mH 


Chapter 20 


chapter 


21 


Inductive 
Circuits 


his chapter analyzes circuits that combine inductive reactance X, and resistance 

R. The main questions are, how do we combine the ohms of opposition, how 
much current flows, and what is the phase angle? Although X, and R are both 
measured in ohms, they have different characteristics. Specifically, with sine-wave 
AC current, X, increases with more inductance and higher frequencies, whereas R is 
the same for both DC or AC circuits. Furthermore, the phase angle for the voltage 
across X, is at 90° with respect to the current through L. 


In addition, the practical application of using a coil as a choke to reduce the current 
for a specific frequency is explained here. For a circuit with L and R in series, the X, 
can be high for an undesired AC signal frequency, whereas R is the same for either 
direct current or alternating current. 


Finally, the general case of induced voltage produced across L is shown with 
nonsinusoidal current variations. In this case, we compare the waveshapes of i, and v, 
instead of their phase. Remember that the 90° angle for an /X, voltage applies only to 
sine waves. 


With nonsinusoidal waveforms, such as pulses of current or voltage, the circuit can 
be analyzed in terms of its L/R time constant, as explained in Chapter 22. E 


21-1 Sine Wave i, Lags v, by 90° 21-5 Q ofa Coil 
21-2 X, and Rin Series 21-6 AF and RF Chokes 
21-3 Impedance Z Triangle 21-7 The General Case of Inductive Voltage 


21-4 X, and Rin Parallel 


After studying this chapter, you should be able to 


Æ Explain why the voltage leads the current by m Define what is meant by the Q of a coil. 
90° for an inductor. Æ Explain how an inductor can be used to pass 
= Calculate the total impedance and phase some AC frequencies but block others. 
angle of a series RL circuit. B Calculate the induced voltage that is 
= Calculate the total current, equivalent produced by a nonsinusoidal current. 
impedance, and phase angle of a parallel RL 
circuit. 


AC effective resistance, Re impedance, Z Q of a coil 
arctangent (arctan) phase angle, 0 skin effect 
choke phasor triangle tangent (tan) 


Inductive Circuits 651 


GOOD TO KNOW 


A cosine wave has its maximum 


values at 0° and 180° and its 


minimum values at 90° and 270°. 


21-1 Sine Wave i, Lags v, by 90° 


When sine-wave variations of current produce an induced voltage, the current lags 
its induced voltage by exactly 90°, as shown in Fig. 21-1. The inductive circuit in 
Fig. 21—1la has the current and voltage waveshapes shown in Fig. 21—1b. The pha- 
sors in Fig. 21—1c show the 90° phase angle between i, and v,. Therefore, we can 
say that i, lags v, by 90°, or v, leads i, by 90°. 

This 90° phase relationship between i, and v, is true in any sine-wave AC circuit, 
whether L is in series or parallel and whether L is alone or combined with other 
components. We can always say that the voltage across any X, is 90° out of phase 
with the current through it. 


Why the Phase Angle Is 90° 


This results because v, depends on the rate of change of i,. As previously shown in 
Fig. 20-7 for a sine wave of i, the induced voltage is a cosine wave. In other words, 
v, has the phase of di/dt, not the phase of i. 


Why i, Lags v, 


The 90° difference can be measured between any two points having the same value 
on the i, and v, waves. A convenient point is the positive peak value. Note that the 
i, wave does not have its positive peak until 90° after the v, wave. Therefore, i, lags 
v; by 90°. This 90° lag is in time. The time lag equals one quarter-cycle, which is 
one-quarter of the time for a complete cycle. 


Inductive Current Is the Same in a Series Circuit 


The time delay and resultant phase angle for the current in an inductance apply 
only with respect to the voltage across the inductance. This condition does not 
change the fact that the current is the same in all parts of a series circuit. In 
Fig. 21—la, the current in the generator, the connecting wires, and L must be 
the same because they are in series. Whatever the current value is at any instant, 
it is the same in all series components. The time lag is between current and 
voltage. 


Inductive Voltage Is the Same 
across Parallel Branches 


In Fig. 21—1a, the voltage across the generator and the voltage across L are the same 
because they are in parallel. There cannot be any lag or lead in time between these 
two parallel voltages. Whatever the voltage value is across the generator at any 
instant, the voltage across L is the same. The parallel voltage v, or v, is 90° out of 
phase with the current. 


Figure 21-1 
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(a) 


(a) Circuit with inductance L. (b) Sine wave of i, lags v, by 90°. (c) Phasor diagram. 


Amplitude v ori 


(b) (c) 
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The voltage across L in this circuit is determined by the applied voltage, since 
they must be the same. The inductive effect here is to make the current have values 
that produce L(di/dt) equal to the parallel voltage. 


The Frequency Is the Same for i, and v, 


Although i, lags v, by 90°, both waves have the same frequency. The i, wave reaches 
its peak values 90° later than the v, wave, but the complete cycles of variations are 
repeated at the same rate. As an example, if the frequency of the sine wave v, in 
Fig. 21—-1b is 100 Hz, this is also the frequency for i. 


E 21-1 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 21-1. 
a. What is the phase angle between v, and v,? 
What is the phase angle between v, and i? 
c. Does i, lead or lag v,? 


21-2 X, and R in Series 


When a coil has series resistance, the current is limited by both X, and R. This cur- 
rent /is the same in X, and R, since they are in series. Each has its own series voltage 
drop, equal to /R for the resistance and /X, for the reactance. 

Note the following points about a circuit that combines series X, and R, as in 
Fig. 21-2: 


1. The current is labeled /, rather than /,, because / flows through all series 
components. 

2. The voltage across X,, labeled V,, can be considered an JX, voltage drop, 
just as we use V, for an JR voltage drop. 


Figure 21-2 Inductive reactance X, and resistance R in series. (a) Circuit. (b) Waveforms of current and voltage. 
(co) Phasor diagram. 


v 


90° 
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3. The current / through X, must lag V, by 90° because this is the phase 
angle between current through an inductance and its self-induced 
voltage. 

4. The current / through R and its ZR voltage drop are in phase. There is no 
reactance to sine-wave current in any resistance. Therefore, J and JR have 
a phase angle of 0°. 


Resistance R can be either the internal resistance of the coil or an external series 
resistance. The J and V values may be rms, peak, or instantaneous, as long as the 
same measure is applied to all. Peak values are used here for convenience in com- 
paring waveforms. 


Phase Comparisons 
Note the following: 


1. Voltage V, is 90° out of phase with Z. 
2. However, V, and J are in phase. 
3. If Jis used as the reference, V, is 90° out of phase with Vp. 


Specifically, V, lags V, by 90°, just as the current J lags V,. These phase relations 
are shown by the waveforms in Fig. 21—2b and the phasors in Fig. 21—2c. 


Combining V, and V, 


As shown in Fig. 21—2b, when the V, voltage wave is combined with the V, volt- 
age wave, the result is the voltage wave for the applied generator voltage V,. The 
voltage drops must add to equal the applied voltage. The 100-V peak values for Vg 
and for V, total 141 V, however, instead of 200 V, because of the 90° phase 
difference. 

Consider some instantaneous values to see why the 100-V peak V, and 
100-V peak V, cannot be added arithmetically. When V, is at its maximum 
value of 100 V, for instance, V, is at zero. The total for V; then is 100 V. Simi- 
larly, when V, is at its maximum value of 100 V, then V, is zero and the total 
V, is also 100 V. 

Actually, V; has its maximum value of 141 V when V, and V, are each 70.7 V. 
When series voltage drops that are out of phase are combined, therefore, they cannot 
be added without taking the phase difference into account. 


Phasor Voltage Triangle 


Instead of combining waveforms that are out of phase, we can add them more 
quickly by using their equivalent phasors, as shown in Fig. 21-3. The phasors in 
Fig. 21—3a show only the 90° angle without any addition. The method in Fig. 21-3b 
is to add the tail of one phasor to the arrowhead of the other, using the angle required 
to show their relative phase. Voltages V, and V, are at right angles because they are 
90° out of phase. The sum of the phasors is a resultant phasor from the start of one 
to the end of the other. Since the V, and V, phasors form a right angle, the resultant 
phasor is the hypotenuse of a right triangle. The hypotenuse is the side opposite the 
90° angle. 

From the geometry of a right triangle, the Pythagorean theorem states that the 
hypotenuse is equal to the square root of the sum of the squares of the sides. For the 
voltage triangle in Fig. 21—3b, therefore, the resultant is 


V= VVz+V2 (21-1) 


where V, is the phasor sum of the two voltages V} and V, 90° out of phase. 
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CALCULATOR 


To do a problem like this on the 
calculator, remember that the 
square root sign is a sign of 
grouping. All terms within the 
group must be added before you 
take the square root. Also, each 
term must be squared individually 
before adding for the sum. 
Specifically for this problem: 
E Punch in 100 and push the 

O) button for 10,000 as the 


square. Press © 


E Next punch in 100 and «). 
Press S The display should 
read 20,000. 


E Press 
141.421. 


to read the answer 


In some calculators, either the @) 
or the Q) key must be 


preceded by the second function 


key Q™F). 


Figure 21-4 Addition of R and X, 90° 


out of phase in series circuit, to find the 
resultant impedance Z,. 


R=100Q 
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Figure 21-3 Addition of two voltages 90° out of phase. (a) Phasors for V, and V, are 90° 
out of phase. (6) Resultant of the two phasors is the hypotenuse of a right triangle for the 
value of V}. 


V. =IX. 
=100 V 


90° 


Vp = IR = 100 V 


Ve = IR = 100 V 


(a) (b) 


This formula is for V, and V, when they are in series, since then they are 90° out 
of phase. All voltages must be in the same units. When V, is an rms value, V, and 
V, are also rms values. For the example in Fig. 21-3, 

V,= V100? + 100? = y/10,000 + 10,000 


= y 20,000 
=141V 


E 21-2 Self-Review 


Answers at the end of the chapter. 


a. Ina series circuit with X, and R, what is the phase angle between 7 
and V}? 
b. What is the phase angle between V, and V,? 


21-3 Impedance Z Triangle 


A triangle of R and X, in series corresponds to a voltage triangle, as shown in 

Fig. 21-4. It is similar to the voltage triangle in Fig. 21-3, but the common factor 

I cancels because the current is the same in X, and R. The resultant of the phasor 

addition of R and X, is their total opposition in ohms, called impedance, with the 

symbol Z,.* The Z takes into account the 90° phase relation between R and X.. 
For the impedance triangle of a series circuit with reactance and resistance, 


Z,= VER Q1-2) 
where R, X,, and Z are all in ohms. For the example in Fig. 21-4, 
Z, = V100? + 100? = +/10,000 + 10,000 
= V'20,000 


= 141Q 


Note that the applied voltage of 141 V divided by the total impedance of 141 Q 
results in 1 A of current in the series circuit. The ZR voltage is 1 x 100, or 100 V; the 
IX, voltage is also 1 x 100, or 100 V. The total of the series JR and JX, drops of 
100 V each, added by phasors, equals the applied voltage of 141 V. Finally, the 
applied voltage equals IZ, or 1 x 141, which is 141 V. 


* Although Z+ is a passive component, we consider it a phasor here because it determines the phase angle of 
Vand J. 
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Summarizing the similar phasor triangles for volts and ohms in a series 
circuit, 


1. The phasor for R, IR, or V, is used as a reference at 0°. 
2. The phasor for X,, /X,, or V, is at 90°. 
3. The phasor for Z, IZ, or V, has the phase angle 0 of the complete circuit. 


Phase Angle with Series X, 


The angle between the generator voltage and its current is the phase angle of the 
circuit. Its symbol is 0 (theta). In Fig. 21-3, the phase angle between V, and JR 
is 45°. Since JR and J have the same phase, the angle is also 45° between V, and 
I. 

In the corresponding impedance triangle in Fig. 21-4, the angle between Z, and 
Ris also equal to the phase angle. Therefore, the phase angle can be calculated from 
the impedance triangle of a series circuit by the formula 


X, 
tan 0, = E (21-3) 

The tangent (tan) is a trigonometric function of any angle, equal to the ratio of 
the opposite side to the adjacent side of a right triangle. In this impedance triangle, 
X, is the opposite side and R is the adjacent side of the angle. We use the subscript 
z for 0 to show that 0, is found from the impedance triangle for a series circuit. To 
calculate this phase angle, 

_ XL _ 100 _ 
tan 0, =R 100 =1 

The angle whose tangent is equal to | is 45°. Therefore, the phase angle is 45° in 
this example. The numerical values of the trigonometric functions can be found 
from a table or from a scientific calculator. 

Note that the phase angle of 45° is halfway between 0° and 90° because R and X, 
are equal. 


Example 21-1 


If a 30-Q R and a 40-Q X, are in series with 100 V applied, find the 
following: Zr, Z, Vp, Vi, and 0,. What is the phase angle between V, and Vp 
with respect to /? Prove that the sum of the series voltage drops equals the 
applied voltage Vz. 


ANSWER 
Z, = VR +X = V900 + 1600 
= V2500 
=502 
_ ¥r_ 100 _ 
I=7=50 eA 


V, = IR =2 x 30 = 60 V 
V, = IX, =2x 40 = 80 V 
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CALCULATOR 


To do the trigonometry in 
Example 21-1 with a calculator, 
there are several points to keep 


in mind: 


E The ratio of X,/R specifies the 
angle’s tangent as a numerical 
value, but this is not the angle 0 
in degrees. Finding X,/R is just a 
division problem. 


E The angle @ itself is an inverse 
function of tan @ that is indicated 
as arctan 8 or tan” 0. A 
scientific calculator can give the 
trigonometric functions directly 
from the value of the angle or 
inversely show the angle from 
its trig functions. 


E Asa check on your values, note 
that for tan 9@=1, tan Ois 45°. 
Tangent values less than 1 must 
be for angles smaller than 45°; 
angles more than 45° must have 
tangent values higher than 1. 

For the values in Example 21-1, 

specifically, punch in 40 for X,, 

push the) key, punch in 30 for 

R, and push the O) key for the 

ratio of 1.33 on the display. This 

value is tan @. While it is on the 


display, push the key and 


the answer of 53.1° appears for 


angle 0. Use of the key is 


usually preceded by pressing the 


function key. 


GOOD TO KNOW 


For a series RL circuit, when 
X, >10R,Z,=X,.When 
R>10X, ZR. 
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Therefore, / lags Vy by 53.1°. Furthermore, / and V} are in phase, and / lags V, 
by 90°. Finally, 


V= VV + V2 = V60? + 80? = V3600 + 6400 
= 10,000 
= 100V 
Note that the phasor sum of the voltage drops equals the applied voltage. 


Series Combinations of X, andR 


In a series circuit, the higher the value of X, compared with R, the more inductive 
the circuit. This means that there is more voltage drop across the inductive reactance 
and the phase angle increases toward 90°. The series current lags the applied gen- 
erator voltage. With all X, and no R, the entire applied voltage is across X,, and 0, 
equals 90°. 

Several combinations of X, and R in series are listed in Table 21-1 with their 
resultant impedance and phase angles. Note that a ratio of 10:1 or more for X,/R 
means that the circuit is practically all inductive. The phase angle of 84.3° is only 
slightly less than 90° for the ratio of 10:1, and the total impedance Z, is approxi- 
mately equal to X,. The voltage drop across X, in the series circuit will be practically 
equal to the applied voltage, with almost none across R. 

At the opposite extreme, when R is 10 times as large as X,, the series circuit is 
mainly resistive. The phase angle of 5.7°, then, means that the current is almost in 
phase with the applied voltage, the total impedance Z, is approximately equal to R, 
and the voltage drop across R is practically equal to the applied voltage, with almost 
none across X. 

When X, and R equal each other, their resultant impedance Z, is 1.41 times the 
value of either one. The phase angle then is 45°, halfway between 0° for resistance 
alone and 90° for inductive reactance alone. 


E 21-3 Self-Review 
Answers at the end of the chapter. 


a. How much is Z, for a 20-Q R in series with a 20-Q X,? 
b. How much is V, for 20 V across R and 20 V across X, in series? 
c. What is the phase angle of the circuit in Questions a and b? 


Table 21-1 Series Rand X, Combinations 


ZQ Impedance 
R, Q Xo Q (Approx.) Angle 0- 
1 10 4/101 = 10 84.3° 
10 10 V200 = 14.1 45e 
10 1 y1 =10 S 


Note: 6, is the angle of Z; with respect to the reference / in a series circuit. 
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21-4 X, and R in Parallel 


For parallel circuits with X, and R, the 90° phase angle must be considered for each 
of the branch currents, instead of the voltage drops. Remember that any series cir- 
cuit has different voltage drops but one common current. A parallel circuit has dif- 
ferent branch currents but one common voltage. 

In the parallel circuit in Fig. 21—5a, the applied voltage V, is the same across X,, 
R, and the generator, since they are all in parallel. There cannot be any phase differ- 
ence between these voltages. Each branch, however, has its individual current. For 
the resistive branch, J, = V,/R; in the inductive branch, J, = V,/X,. 

The resistive branch current /, is in phase with the generator voltage V,. The 
inductive branch current J, lags V,, however, because the current in an inductance 
lags the voltage across it by 90°. 

The total line current, therefore, consists of J, and /,, which are 90° out of phase 
with each other. The phasor sum of Jẹ and J, equals the total line current Z}. These 
phase relations are shown by the waveforms in Fig. 21-5), and the phasors in 
Fig. 21—-Sc. Either way, the phasor sum of 10 A for J} and 10 A for J, is equal to 
14.14 A for I. 

Both methods illustrate the general principle that quadrature components 
must be combined by phasor addition. The branch currents are added by phasors 
here because they are the factors that are 90° out of phase in a parallel circuit. 
This method is similar to combining voltage drops 90° out of phase in a series 
circuit. 


Phasor Current Triangle 


Note that the phasor diagram in Fig. 21—5c has the applied voltage V, of the genera- 
tor as the reference phasor because V, is the same throughout the parallel circuit. 

The phasor for 7, is down, compared with up for an X, phasor. Here the parallel 
branch current J, lags the parallel voltage reference V,. In a series circuit, the X, 
voltage leads the series current reference /. For this reason, the Z, phasor is shown 
with a negative 90° angle. The —90° means that the current J, lags the reference 
phasor V,. 


Figure 21-5 
(o) Phasor diagram. 
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Inductive reactance X, and Rin parallel. (a) Circuit. (b) Waveforms of applied voltage and branch currents. 


(a) 


Ve 100 270° 360° 
90° 180° maea 
100 ! I i I I I i Time 
l l l l 
l l l l 
l l l l 
l I I | Va R 
1 1 
1 1 -90° 
1 I 
l 
l 
l 
l 
T 
1 
l 
I 
I A 
l 
l 
(b) (c) 
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Figure 21-6 Phasor triangle of 
inductive and resistive branch currents 
90° out of phase in a parallel circuit to find 
resultant 4. 


Ip =10 A 


L=ViR+i 


I =14.14 A 


GOOD TO KNOW 


For X, in parallel with R, Z-9 can 
also be calculated as 
— AR 


Z ea 
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The phasor addition of the branch currents in a parallel circuit can be calculated 
by the phasor triangle for currents shown in Fig. 21-6. Peak values are used for 
convenience in this example, but when the applied voltage is an rms value, the cal- 
culated currents are also in rms values. To calculate the total line current, 


= VRF 21 
For the values in Fig. 21-6, 
l= v10? + 10? = V100 + 100 


= V200 
=14.14A 


Impedance of X, and R in Parallel 


A practical approach to the problem of calculating the equivalent impedance of X, 
and R in parallel is to calculate the total line current 7, and divide this value into the 
applied voltage V,: 


Zog= 7 (21-5) 


For example, in Fig. 21-5, V, is 100 V and the resultant /,, obtained as the phasor 
sum of the resistive and reactive branch currents, is equal to 14.14 A. Therefore, we 
calculate the equivalent impedance as 


_Va_ 100 V 
40 = 7, = T4148 


= 7.07 Q 


This impedance is the combined opposition in ohms across the generator, equal to 
the resistance of 10 Q in parallel with the reactance of 10 Q. 

Note that the impedance for equal values of R and X, in parallel is not one-half 
but equals 70.7% of either one. Still, the combined value of ohms must be less than 
the lowest ohms value in the parallel branchesc. 

For the general case of calculating the equivalent impedance of X, and R in paral- 
lel, any number can be assumed for the applied voltage because the value of V, 
cancels in the calculations for Z in terms of the branch currents. A good value to 
assume for V, is the value of either R or X,, whichever is the higher number. This 
way, there are no fractions smaller than 1 in the calculation of the branch currents. 


Example 21-2 


What is the total Z of a 600-Q R in parallel with a 300-Q X,? Assume 600 V for 
the applied voltage. 


ANSWER 
_ 600V_ 
R600 Q 
_ 600 V_ 
L 300Q 
= Vath 
=vV1+4=vV5 
= 2.24 A 
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GOOD TO KNOW 


For parallel RL circuits, tan 0, can 


also be calculated as 


tan 6, = -È 
į 


GOOD TO KNOW 


For parallel RL circuits, 
when X, > 10R, Zea = R. 
When R > 10X, Za = X. 


Then, dividing the assumed value of 600 V for the applied voltage by the total 
line current gives 


_ Va _ 600V 
“20 = T= 224A 
= 268 Q 


The combined impedance of a 600-Q R in parallel with a 300-Q X, is equal to 
268 Q, no matter how much the applied voltage is. 


Phase Angle with Parallel X, and R 


In a parallel circuit, the phase angle is between the line current 7, and the common 
voltage V, applied across all branches. However, the resistive branch current J, has 
the same phase as V,. Therefore, the phase of Jẹ can be substituted for the phase of 
V,. This is shown in Fig. 21—Sc. The triangle of currents is shown in Fig. 21-6. To 
find 0, from the branch currents, use the tangent formula: 


L 
tan 6, = -7 (21-6) 
R 


We use the subscript J for 0 to show that 0, is found from the triangle of branch 
currents in a parallel circuit. In Fig. 21-6, 0, is —45° because [, and J, are equal. 
Then tan 6, = —1. 

The negative sign is used for this current ratio because /, is lagging at —90°, 
compared with /,. The phase angle of —45° here means that Z, lags J, and V, by 45°. 

Note that the phasor triangle of branch currents gives 6, as the angle of Z, with 
respect to the generator voltage V,. This phase angle for Z, is with respect to the 
applied voltage as the reference at 0°. For the phasor triangle of voltages in a series 
circuit, the phase angle @, for Z, and V., is with respect to the series current as the 
reference phasor at 0°. 


Parallel Combinations of X, and R 


Several combinations of X, and R in parallel are listed in Table 21-2. When X, is 10 
times R, the parallel circuit is practically resistive because there is little inductive 
current in the line. The small value of /, results from the high X,. The total imped- 
ance of the parallel circuit is approximately equal to the resistance, then, since the 
high value of X, in a parallel branch has little effect. The phase angle of —5.7° is 
practically 0° because almost all of the line current is resistive. 

As X, becomes smaller, it provides more inductive current in the main line. 
When X, is “o R, practically all of the line current is the 7, component. Then the 


Table 21-2 Parallel Resistance and Inductance Combinations* 


RQ XQ ho A 
1 10 10 
10 10 1 
10 1 1 


I,A en Za V/O Phase Angle 0, 
1 Vo= VO 1 -5.7° 
1 ee ee 7.07 -45° 

10 x 101 — 10 1 -84.3° 


* V, = 10 V. Note that 6, is the angle of /; with respect to the reference V, in parallel circuits. 
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parallel circuit is practically all inductive, with a total impedance practically equal 
to X,. The phase angle of —84.3° is almost —90° because the line current is mostly 
inductive. Note that these conditions are opposite from those of X, and R in series. 
When X, and R are equal, their branch currents are equal and the phase angle is 
—45°. All these phase angles are negative for parallel J, and J. 
As additional comparisons between series and parallel circuits, remember that 


1. The series voltage drops V, and V, have individual values that are 90° out 
of phase. Therefore, V, and V, are added by phasors to equal the applied 
voltage V,,. The phase angle @, is between V, and the common series 
current /. More series X, allows more V, to make the circuit more 
inductive, with a larger positive phase angle for V} with respect to 7. 

2. The parallel branch currents /, and 7, have individual values that are 90° 
out of phase. Therefore, /, and J, are added by phasors to equal Z}, which 
is the main-line current. The negative phase angle —0, is between the line 
current J, and the common parallel voltage V,. Less parallel X, allows 
more J, to make the circuit more inductive, with a larger negative phase 
angle for 7, with respect to V,. 


E 21-4 Self-Review 


Answers at the end of the chapter. 


a. How much is I, for a branch current A of 2 A and [, of 2 A? 
b. Find the phase angle 6,. 


21-5 Qofa Coil 


Figure 21-7 The Q of a coil depends on The ability of a coil to produce self-induced voltage is indicated by X,, since it 
its inductive reactance X, and resistance r. includes the factors of frequency and inductance. However, a coil has internal resis- 


tance equal to the resistance of the wire in the coil. This internal r, of the coil reduces 
the current, which means less ability to produce induced voltage. Combining these 
two factors of X, and r,, the quality or merit of a coil is indicated by 


j i 

| | 

x X. _ 2afL 

l I Q =F = of (21-7) 
| | äs X. i i 

| | i As shown in Fig. 21-7, the internal r, is in series with X,. 

M As an example, a coil with X, of 500 Q and r, of 5 Q has a Q of °% = 100. The 
! l ! Q is a numerical value without any units, since the ohms cancel in the ratio of reac- 
E EE i tance to resistance. This Q of 100 means that the X, of the coil is 100 times more 


than its r, 

The Q of coils may range in value from less than 10 for a low-Q coil up to 1000 
for a very high Q. Radio-frequency (rf) coils generally have Qs of about 30 to 300. 

At low frequencies, r; is just the DC resistance of the wire in the coil. However, 
for rf coils, the losses increase with higher frequencies and the effective r, increases. 
The increased resistance results from eddy currents and other losses. 

Because of these losses, the Q of a coil does not increase without limit as X, 
increases for higher frequencies. Generally, Q can increase by a factor of about 2 for 
higher frequencies, within the range for which the coil is designed. The highest 
Q for rf coils generally results from an inductance value that provides an X, of about 
1000 Q at the operating frequency. 

More fundamentally, Q is defined as the ratio of reactive power in the inductance 
to the real power dissipated in the resistance. Then 


PX, X 2afL 
= Pr == 


P, 
Q= PẸ; 


which is the same as Formula (21-7). 
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GOOD TO KNOW 


The Q of a parallel RL circuit is 
calculated as Q =% assuming 
the series resistance of the coil is 
negligible. The Q formula for 


parallel RL circuits is derived as 
Pi _ Vilas 
PR WAR Ke 


Note: R is the resistance in 


follows: Q = 


parallel with X,. 
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Skin Effect 


Radio-frequency current tends to flow at the surface of a conductor at very high 
frequencies (VHF), with little current in the solid core at the center. This skin effect 
results from the fact that current in the center of the wire encounters slightly more 
inductance because of the magnetic flux concentrated in the metal, compared with 
the edges, where part of the flux is in air. For this reason, conductors for VHF currents 
are often made of hollow tubing. The skin effect increases the effective resistance 
because a smaller cross-sectional area is used for the current path in the conductor. 


AC Effective Resistance 


When the power and current applied to a coil are measured for rf applied voltage, 
the FR loss corresponds to a much higher resistance than the DC resistance measured 
with an ohmmeter. This higher resistance is the AC effective resistance R.. Although 
it is a result of high-frequency alternating current, R. is not a reactance; R, is a resis- 
tive component because it draws in-phase current from the AC voltage source. 

The factors that make the R, of a coil more than its DC resistance include skin 
effect, eddy currents, and hysteresis losses. Air-core coils have low losses but are 
limited to small values of inductance. 

For a magnetic core in rf coils, a powdered-iron or ferrite slug is generally used. 
In a powdered-iron slug, the granules of iron are insulated from each other to reduce 
eddy currents. Ferrite materials have small eddy-current losses because they 
are insulators, although magnetic. A ferrite core is easily saturated. Therefore, its 
use must be limited to coils with low values of current. A common application is the 
ferrite-core antenna coil in Fig. 21-8. 

To reduce the R. for small rf coils, stranded wire can be made with separate 
strands insulated from each other and braided so that each strand is as much on the 
outer surface as all other strands. This is called litzendraht or litz wire. 

As an example of the total effect of AC losses, assume that an air-core rf coil of 
50-wH inductance has a DC resistance of 1 Q measured with the battery in an ohm- 
meter. However, in an AC circuit with a 2-MHz current, the effective coil resistance 
R. can increase to 12 Q. The increased resistance reduces the Q of the coil. 

Actually, the Q can be used to determine the effective AC resistance. Since Q is 
X,/R., then R. equals X,/Q. For this 50-~H L at 2 MHz, its X,, equal to 27fL, is 


Figure 21-8 _ Ferrite-coil antenna for a radio receiver. 
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628 Q. The Q of the coil can be measured on a Q meter, which operates on the prin- 
ciple of resonance. Let the measured Q be 50. Then R. = %0, equal to 12.6 Q. 
In general, the lower the internal resistance of a coil, the higher its Q. 


Example 21-3 


An air-core coil has an X, of 700 Q and an R. of 2 Q. Calculate the value of 
Q for this coil. 


ANSWER 
_%. _ 700 
R. 2 
= 350 


Example 21-4 


A 200-H coil has a Q of 40 at 0.5 MHz. Find R.. 


ANSWER 


X,  2afL 
R, = === 
Q Q 
— 2z x 0.5 x 10° x 200 x 10° 
40 


_ 628 
40 
=15.7Q 


The Q of a Capacitor 


The quality Q of a capacitor in terms of minimum loss is often indicated by its power 
factor. The lower the numerical value of the power factor, the better the quality of the 
capacitor. Since the losses are in the dielectric, the power factor of the capacitor is 
essentially the power factor of the dielectric, independent of capacitance value or volt- 
age rating. At radio frequencies, approximate values of power factor are 0.000 for air 
or vacuum, 0.0004 for mica, about 0.01 for paper, and 0.0001 to 0.03 for ceramics. 

The reciprocal of the power factor can be considered the Q of the capacitor, simi- 
lar to the idea of the Q of a coil. For instance, a power factor of 0.001 corresponds 
to a Q of 1000. A higher Q therefore means better quality for the capacitor. If the 
leakage resistance R, is known, the Q can be calculated as Q = 24fR,C. Capacitors 
have Qs that are much higher than those of inductors. The Q of capacitors typically 
ranges into the thousands, depending on design. 


E 21-5 Self-Review 
Answers at the end of the chapter. 


a. A 200-vH coil with an 8-© internal R. has an X, of 600 Q. Calculate 
the Q. 
b. A coil with a Q of 50 has a 500-Q X, at 4 MHz. Calculate its internal R.. 
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GOOD TO KNOW 


Always remember that an * ratio 
of 10:1 is considered the dividing 
line for calculating the value of 
the choke inductance, L. This 
10:1 ratio of At should exist for 
the lowest frequency intended to 


be blocked from the output. 
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Figure 21-9 Coil used as a choke with X, at least 10 x R. Note that Ris an external 
resistor; V_ across Lis practically all of the applied voltage with very little Vp. (a) Circuit with 
X and Rin series. (b) Input and output voltages. 


X, =1000 Q 


@ 100 Q 


(a) (b) 


21-6 AF and RF Chokes 


Inductance has the useful characteristic of providing more ohms of reactance at 
higher frequencies. Resistance has the same opposition at all frequencies and for 
direct current. The skin effect for L at VHF is not being considered here. These 
characteristics of L and R are applied to the circuit in Fig. 21-9 where X, is much 
greater than R for the frequency of the AC source V}. The result is that L has practi- 
cally all the voltage drop in this series circuit with very little of the applied voltage 
across R. 

The inductance L is used here as a choke. Therefore, a choke is an inductance in 
series with an external R to prevent the AC signal voltage from developing any 
appreciable output across R at the frequency of the source. 

The dividing line in calculations for a choke can be taken as X, 10 or more times 
the series R. Then the circuit is primarily inductive. Practically all the AC voltage 
drop is across L, with little across R. This case also results in 0 of practically 90°, but 
the phase angle is not related to the action of X, as a choke. 

Figure 21—9b illustrates how a choke is used to prevent AC voltage in the input 
from developing voltage in the output for the next circuit. Note that the output here 
is V, from point A to earth ground. Practically all AC input voltage is across X, 
between points B and C. However, this voltage is not coupled out because neither 
B nor C is grounded. 

The desired output across R could be direct current from the input side with- 
out any AC component. Then X, has no effect on the steady DC component. 
Practically all DC voltage would be across R for the output, but the AC voltage 
would be just across X,. The same idea applies to passing an af signal through 
to R, while blocking an rf signal as ZX, across the choke because of more X, at 
the higher frequency. 


Calculations for a Choke 


Typical values for audio or radio frequencies can be calculated if we assume a series 
resistance of 100 Q as an example. Then X, must be at least 1000 Q. As listed in 
Table 21-3, at 100 Hz the relatively large inductance of 1.6 H provides 1000 Q of 
X,. Higher frequencies allow a smaller value of L for a choke with the same reac- 
tance. At 100 MHz in the VHF range, the choke is only 1.6 4H. 

Some typical chokes are shown in Fig. 21-10. The iron-core choke in 
Fig. 21—10a is for audio frequencies. The air-core choke in Fig. 21—10% is for radio 
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Typical Chokes for a 


Table ei Reactance of 1000 Q* 
f L Remarks 
100 Hz 1.6H Low audio frequency 
1000 Hz 0.16H Audio frequency 
10 kHz 16 mH Audio frequency 
1000 kHz 0.16 mH Radio frequency 
100 MHz 1.6 wH Very high radio frequency 


* For an X, that is 10 times a series R of 100 Q. 


frequencies. The rf choke in Fig. 21—10c has color coding, which is often used for 


Figure 21-10 - Typicalchokes. Chake small coils. The color values are the same as for resistors, except that the values of 


for 60 Hz with 8-H inductance and r of 


350 Q. Width is 2 in. (b) RF choke with Lare given in microhenrys. As an example, a coil with yellow, red, and black stripes 
5 mH of inductance and r of 50 Q. Length or dots is 42 “WH. 

is 1 in. (© Small rf choke encapsulated in Note that inductors are also available as surface-mount components. There are 
plastic with leads for printed-circuit board; basically two body styles: completely encased and open. The encased body style 
L=42 WH. Width is 3/4 in. looks like a thick capacitor with a black body. The open body style inductor is easy 


to identify because the coil is visible. The value of a surface-mount inductor, if 
marked, is usually represented using the same three-digit system used for resistors, 
with the value displayed in microhenrys (xH). 


Choosing a Choke for a Circuit 


As an example of using these calculations, suppose that we have the problem of 
determining what kind of coil to use as a choke for the following application. The 
Lis to be an rf choke in series with an external R of 300 Q, with a current of 90 mA 


T and a frequency of 0.2 MHz. Then X, must be at least 10 x 300 = 3000 Q. At f of 
3 0.2 MHz, 
= 
—_e——_ ; pa du _3000 3 10 
55 2af 2xx0.2x 10° 1.256 x 10° 
26 -3 y 493 
$ Ee i 
= 2.4 mH 


A typical and easily available commercial size is 2.5 mH, with a current rating of 
115 mA and an internal resistance of 20 Q, similar to the rf choke in Fig. 21—10b. 
Note that the higher current rating is suitable. Also, the internal resistance is negli- 
gible compared with the external R. An inductance a little higher than the calculated 
value will provide more X,, which is better for a choke. 


E 21-6 Self-Review 


Answers at the end of the chapter. 


(c) 


a. How much is the minimum X, for a choke in series with R of 80 Q? 
b. If X, is 800 Q at 3 MHz, how much will X, be at 6 MHz for the 
same coil? 
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GOOD TO KNOW 


For any inductor, the induced 
voltage, V,, remains constant if 
the rate of current change is 


constant. 


21-7 The General Case 
of Inductive Voltage 


The voltage across any inductance in any circuit is always equal to L(di/dt). This 
formula gives the instantaneous values of v, based on the self-induced voltage pro- 
duced by a change in magnetic flux from a change in current. 

A sine waveform of current i produces a cosine waveform for the induced voltage 
v,, equal to L(di/dt). This means that v, has the same waveform as i, but v, and i are 
90° out of phase for sine-wave variations. 

The inductive voltage can be calculated as 7X, in sine-wave AC circuits. Since X, 
is 27fL, the factors that determine the induced voltage are included in the frequency 
and inductance. Usually, it is more convenient to work with /X, for the inductive 
voltage in sine-wave AC circuits, instead of L(di/dt). 

However, with a nonsinusoidal current waveform, the concept of reactance can- 
not be used. The X, applies only to sine waves. Then v, must be calculated as 
L(di/dt), which applies for any inductive voltage. 

An example is illustrated in Fig. 21-1 1a for sawtooth current. The sawtooth rise 
is a uniform or linear increase of current from zero to 90 mA in this example. The 
sharp drop in current is from 90 mA to zero. Note that the rise is relatively slow; it 
takes 90 ys. This is nine times longer than the fast drop in 10 ys. 

The complete period of one cycle of this sawtooth wave is 100 ws. A cycle 
includes the rise of i to the peak value and its drop back to the starting value. 


The Slope of i 


The slope of any curve is a measure of how much it changes vertically for each hori- 
zontal unit. In Fig. 21—lla, the increase in current has a constant slope. Here 
i increases 90 mA in 90 ys, or 10 mA for every 10 ws of time. Then di/dt is constant 
at 10 mA/10 ys for the entire rise time of the sawtooth waveform. Actually, di/dt is 
the slope of the i curve. The constant di/dt is why the v, waveform has a constant 
value of voltage during the linear rise of i. Remember that the amount of induced 
voltage depends on the change in current with time. 

The drop in i is also linear but much faster. During this time, the slope is 
90 mA/10 ws for di/dt. 


Figure 21-11 Rectangular waveshape of v, produced by sawtooth current through inductance L. (a) Waveform of current i. (b) Induced 


voltage v, equal to L(di/dt). 
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+v,=2700V 
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The Polarity of v, 


In Fig. 21-11, apply Lenz’s law to indicate that v, opposes the change in current. With 
electron flow into the top of L, the v, is negative to oppose an increase in current. This 
polarity opposes the direction of electron flow shown for the current i produced by the 
source. For the rise time, then, the induced voltage here is labeled —v,. 

During the drop in current, the induced voltage has opposite polarity, which is 
labeled +v,. These voltage polarities are for the top of L with respect to earth 
ground. 


Calculations for v, 


The values of induced voltage across the 300-mH L are calculated as follows. 
For the sawtooth rise 


= LË 
ed 10 x 10° 
= -3 xX 10™ 
= 300 x 10 X 70x10 
= 300 V 
For the sawtooth drop 
pa 
at 90 x 10% 
= -3 x 1U 
= 300 x 10 X Tox 107 
= 2700 V 


The decrease in current produces nine times more voltage because the sharp drop 
in į is nine times faster than the relatively slow rise. 

Remember that the di/dt factor can be very large, even with small currents, when 
the time is short. For instance, a current change of 1 mA in 1 ys is equivalent to the 
very high di/dt value of 1000 A/s. 

An interesting feature of the inductive waveshapes in Fig. 21—11 is that they are 
the same as the capacitive waveshapes shown before in Fig. 18—10, but with current 
and voltage waveshapes interchanged. This comparison follows from the fact that 
both v, and i, depend on the rate of change. Then i, is C(dv/dt), and v, is L(di/dt). 

It is important to note that v, and i, have different waveshapes with nonsinusoidal 
current. In this case, we compare the waveshapes instead of the phase angle. Com- 
mon examples of nonsinusoidal waveshapes for either v or i are the sawtooth wave- 
form, square wave, and rectangular pulses. For a sine wave, the L(di/drt) effects 
result in a cosine wave, as shown before, in Fig. 20-7. 


E 21-7 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 21-11. 
a. How much is di/dt in amperes per second for the sawtooth rise of i? 
b. How much is di/dt in amperes per second for the drop ini? 
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Summary 


In a sine-wave AC circuit, the 
current through an inductance lags 
90° behind the voltage across the 
inductance because v, = L(di/dt). 
This fundamental fact is the basis of 
all the following relations. 


Therefore, inductive reactance X, is 
a phasor quantity 90° out of phase 
with R. The phasor combination of X, 
and Ris their impedance Z,. 


These three types of opposition to 
current are compared in Table 21-4. 


The phase angle Ois the angle between 


The opposite characteristics for 
series and parallel circuits with X, 
and R are summarized in Table 21-5. 


[he Q of a coil is X,/r,, where r is the 
coil’s internal resistance. 


A choke is an inductance with X, 
greater than the series R by a factor 
of 10 or more. 


In sine-wave circuits, V, = /X,. Then 
V, is out of phase with / by an angle 
of 90°. 


For a circuit with X, and Rin series, 


the applied voltage and its current. 


tan @, = X,/R. When the compo- 


nents are in parallel, tan 0, = -(/, //,). 
See Table 21-5. 


When the current is not a sine 
wave, v, = L(di/dt). Then the 
waveshape of V, is different from 
the waveshape of i. 


Inductors are available as surface- 
mount components. Surface-mount 
inductors are available in both com- 
pletely encased and open body 
styles. 


Table 21-4 Comparison of R, X_, and Z, 


R 
Ohm unit 
IR voltage in phase with / 


Same for all frequencies 


X= Zf 
Ohm unit 
IX, voltage leads / by 90° 


Increases as frequency 
increases 


Ohm unit 


aN Ese 


IZ is applied voltage; it leads line / by 0° 


Increases with X, at higher frequencies 


Table 21-5 Series and Parallel RL Circuits 


X, and Rin Series 


I the same in X, and R 


V»=VV24V2 


V, leads V} by 90° 


x, 
tan Ce 


The 0; increases with more X,, which means more 
V, thus making the circuit more inductive 


Important Terms 


AC effective resistance, Re — the 
resistance of a coil for higher- 
frequency alternating current. The 
value of R. is more than the DC 
resistance of the coil because it 
includes the losses associated with 
high-frequency alternating current 
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X, and Rin Parallel 


V, the same across X, and R 


[= Wie EE 
V 
Z0= T 


l lags I, by 90° 


tan 0 = -7 
R 


a coil. These losses include skin 
effect, eddy currents, and hysteresis 
losses. 


Arctangent (arctan) — an inverse 
trigonometric function that specifies 
the angle, 0, corresponding to a given 


in tangent (tan) value. 


The —0, decreases with more X,, which means less 
l, thus making the circuit less inductive 


Choke — a name used for a coil when its 


application is to appreciably reduce 
the amount of AC voltage that is 
developed across a series resistor, R. 
The dividing line for calculating the 
choke inductance is to make X, 10 or 
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more times larger than the series R at 


a specific frequency as a lower limit. 


Impedance, Z— the total opposition to 


the flow of current in a sine-wave AC 


rcuit. In an RL circuit, the 


a 


impedance, Z, takes into account the 
90° phase relation between X, and R. 


Impedance is measured in ohms. 


Phase angle, 0 — the angle between the 
applied voltage and current in a sine- 


wave AC circuit. 


Related Formulas 


Series RL circuit 
= VWF? 
Z,= REX 


xX, 
tan @, =p 


Self-Test 


Answers at the back of the book. 


1. Inductive reactance, X,, 


a. applies only to nonsinusoidal 
waveforms or DC. 


b. applies only to sine waves. 


c. applies to either sinusoidal or 
nonsinusoidal waveforms. 


d. is inversely proportional to 
frequency. 


2. For an inductor in a sine-wave AC 
circuit, 


a. V, leads i, by 90°. 
b. V, lags i, by 90°. 
c. V, and į are in phase. 


d. none of the above. 


3. Inaseries RL circuit, 
a. V, lags V} by 90°. 
b. V, leads V, by 90°. 
c. Vz and / are in phase. 


d. both b and c. 


4. In a series RL circuit where 


V. =9 V and V} = 12 V, how much is 


the total voltage, V,? 
a. 21 V. 

b:225V. 

e T3V. 

d. 3V. 
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Phasor triangle — a right triangle that 


represents the phasor sum of two 
quantities 90° out of phase with each 
other. 


Q of a coil — the quality or figure of 


merit for a coil. More specifically, the 
Q of a coil is the ratio of reactive 
power in the inductance to the real 
power dissipated in the coil’s 


. L 
resistance, Q=—- 
i 


Parallel RL circuit 


h= VRFR 


5. A 50-2 resistor is in parallel 
with an inductive reactance, X,, 
of 50 Q. The combined equivalent 
impedance, Zgo of this 
combination is 


a. 70.7 Q. 
b. 100 Q. 
e3526. 
d.25 Q. 


6. In a parallel RL circuit, 
a. /, lags |, by 90°. 
b./, leads /, by 90°. 
c. |, and /, are in phase. 
d./, lags /, by 90°. 
7. Ina parallel RL circuit, where |, = 


1.2 Aand I, = 1.6 A, how much is 
the total current, 4? 


a.28A. 
b. 2A. 

c. 4A. 

d. 400 mA. 


8. In a series RL circuit where X, = R, 
the phase angle, 0;, is 


a. —45°. 
B09; 
c. +90°. 
d. +45°. 


Ski 


n effect — a term used to describe 
current flowing on the outer surface 
of a conductor at VHF. The skin effect 
causes the effective resistance of a 
coil to increase at higher frequencies 
since the effect is the same as 
reducing the cmil area of the wire. 


Tangent (tan) — a trigonometric 


function of an angle, equal to the 
ratio of the opposite side to the 
adjacent side of a right triangle. 


Q of a coil 
Xi 2zfL 
Q= T = E 
9. In a parallel RL circuit, 


10. 


11 


12. 


a. V, and /, are in phase. 
b. / and /, are in phase. 
c. V, and lg are in phase. 
d. V, and /, are 90° out of phase. 


A 1-kQ resistance is in series with an 
inductive reactance, X,, of 2 kQ. The 
total impedance, Z,, is 


a. 2.24 kQ. 
b. 3 kQ. 
c. 1 kQ. 
d.5 MQ. 


. When the frequency of the applied 


voltage decreases in a parallel RL 
circuit, 


a. the phase angle, 0,, becomes less 
negative. 


b. Zeo increases. 
C. Zeo decreases. 


d. both a and b. 


When the frequency of the applied 
voltage increases in a series RL 
circuit, 


a. 0z increases. 
b. Z decreases. 
c. Z increases. 


d. both a and c. 
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13. The dividing line for calculating 
the value of a choke inductance is 


c. skin effect. 


to make 


d. all of the above. 


a. X, 10 or more times larger than 


b. the resistance of the coil. G: 


This is impossible to determine 
because X, is unknown. 


d. This is impossible to determine 
because V, also increases at a 
linear rate. 


increases at the linear rate of 50 mA 


sliced agi 15. If the current through a 300-mH coil 
b. X, one-tenth or less than the series 

R. per 10 4s, how much is the induced 
c. X, equal to R. voltage, V,? 
d. R 10 or more times larger than the a. 1.5V. 

series X.. b.1.5 kV. 


14. The Q of a coil is affected by 


a. frequency. 


Essay Questions 


What characteristic of the current in an inductance 
determines the amount of induced voltage? State briefly 
why. 


Draw a schematic diagram showing an inductance 
connected across a sine-wave voltage source, and 
indicate the current and voltage that are 90° out of 
phase with one another. 


Why is the voltage across a resistance in phase with the 
current through the resistance? 


a) Draw the sine waveforms for two voltages 90° out of 
phase, each with a peak value of 100 V. (b) Why does 
their phasor sum equal 141 V and not 200 V? (c) When 
will the sum of two 100-V drops in series equal 200 V? 


a) Define the phase angle of a sine-wave AC circuit. 
b) State the formula for the phase angle in a circuit with 
X and Rin series. 


Problems 


SECTION 21-1 SINE WAVE i, LAGS v, BY 90° 
21-1 In Fig. 21-12, what is the 


a. peak value of the inductor voltage, V,? 
b. peak value of the inductor current, i,? 
c. frequency of the inductor current, į? 


d. phase relationship between V, and i,? 


Figure 21-12 
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V, = 10 V Peak 
f=10 kHz 


X, =1kKQ 


6. Define the following: (a) Q of a coil; (b) AC effective 
resistance; (c) rf choke; (d) sawtooth current. 
7. Why do all waveshapes in Fig. 21—2b have the same 
frequency? 
8. Describe how to check for an open coil with an 
ohmmeter. 
9. Redraw the circuit and graph in Fig. 21—11 fora 
sawtooth current with a peak of 30 mA. 
10. Why is the R, of a coil considered resistance rather than 
reactance? 
11. Why are rf chokes usually smaller than af chokes? 
12. What is the waveshape of v, for a sine wave i? 
21-2 In Fig. 21-12, what is the value of the induced voltage, 
œ when i, is at 
a. O mA? 
b. its positive peak of 10 mA? 
c. its negative peak of 10 mA? 
21-3 In Fig. 21-12, draw the phasors representing V, and į 
using 
a. i as the reference phasor. 
b. V, as the reference phasor. 


SECTION 21-2 X,AND RIN SERIES 
21-4 In Fig. 21-13, how much current, /, is flowing 


a. through the 15-Q resistor, R? 
b. through the 20-Q inductive reactance, X,? 


c. to and from the terminals of the applied voltage, V;? 
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Figure 21-13 


21-5 In Fig. 21-13, what is the phase relationship between 
a. land Vg? 

b. / and V? 

c. V, and V}? 


21-6 In Fig. 21-13, how much is the applied voltage, V1? 


21-7 Draw the phasor voltage triangle for the circuit in 
Fig. 21-13. (Use V, as the reference phasor.) 


21-8 In Fig. 21-14, solve for 


a. the resistor voltage, Vg. 


b. the inductor voltage, V.. 


c. the total voltage, V;. 


Figure 21-14 


R=1.6 kQ 


X, =12kQ 


21-9 In Fig. 21-15, solve for 
a. the resistor voltage, V}. 
b. the inductor voltage, V.. 
c. the total voltage, V;. 


Figure 21-15 


R=1002 


X, = 1002 


21-10 In a series RL circuit, solve for the applied voltage, V,, if 
a.Vp=12VandV,=6V. 
b. Vp = 25 V and V, = 40V. 
c. R=9V and V = 16V. 
d. Vp = 40V and V, = 40V. 
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SECTION 21-3 IMPEDANCE ZTRIANGLE 
21-11 In Fig. 21—16, solve for Z, l, V, Vg, and 6z. 


Figure 21-16 


R=100Q9 


Vz = 36 Vye X, =75Q 


21-12 Draw the impedance triangle for the circuit in 
Fig. 21-16. (Use R as the reference phasor.) 


21-13 In Fig. 21-17, solve for Z, l, V,, Vz, and 0,. 


Figure 21-17 


R=5kQ 


V; = 120 Vye X, =10 ko 


21-14 In Fig. 21-18, solve for Z, l, V Vz, and @,. 


Figure 21-18 


R=20Q 


Vz = 12 Ve X, =602 


21-15 In Fig. 21-19, solve for Z, l, V Vz, and @,. 


Figure 21-19 


R=30Q 


V, =50V X,=302 
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21-16 In Fig. 21—20, solve for Z, I, V, Vz, and 0, for the 
following circuit values: 


a. X. =30 Q, R = 40 Q, and V, = 50 V. 
b. X, =50 Q, R=50 Q, and V, =141 4V. 
c. X. =10 Q, R= 100 Q, and V, = 10V. 
d. X. =100 Q, R= 10 Q, and V, = 10V. 


Figure 21-20 


21-17 In Fig. 21—21, solve for X, Z, l, Vp, V,, and 0. 


Figure 21-21 


R=2.7kQ 


V, = 100 Vye 
f = 15.915 kHz 


L =18 mH 


21-18 In Fig. 21—21, what happens to each of the following 
quantities if the frequency of the applied voltage 
increases? 


a. X 

b.Zy. 

Cl. 

d. Vp. 

e. V. 

sO 

21-19 Repeat Prob. 21—18 if the frequency of the applied 
voltage decreases. 


SECTION 21-4 X, AND RIN PARALLEL 
21-20 In Fig. 21—22, how much voltage is across 
a. the 30-Q resistor, R? 

b. the 40-Q inductive reactance, X,? 


Figure 21-22 


R=30Q X, = 409 


Vy = 12 Vac A) 


21-21 In Fig. 21—22, what is the phase relationship between 
a. V, and lp? 
b. V, and /,? 


c. |, and Ip? 
21-22 In Fig. 21—22, solve for lp, l hr, Zeq, and 9). 


21-23 Draw the phasor current triangle for the circuit in 
Fig. 21—22. (Use /, as the reference phasor.) 


21-24 In Fig. 21-23, solve for lp, l h, Zeq, and 8). 


Figure 21-23 


Y= 36 Yc (Ny) R=2kQ X,=1kQ 
21-25 In Fig. 21—24, solve for lg, lo h Zea and 0). 
Figure 21-24 
Y= 120 ie (V) R=402 xX, = 602 
21-26 In Fig. 21-25, solve for lg, lo h Zeo» and 0). 
Figure 21-25 
w= 24 Me (Ny) R=102 xX, =4Q 
21-27 In Fig. 21—26, solve for lp, l hr, Zeq, and 0). 
Figure 21-26 
y =24V (Ay) R=5kQ x =12kQ 
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21-28 In Fig. 21—27, solve for lp, l Ir, Zea» and 0, for the 
following circuit values? 


a. R= 50 Q, X, = 50 Q, and V, = 50 V. 
b. R=10Q, X, = 100 Q, and V, = 20V. 
c. R= 100 Q, X, = 10 Q, and V, = 20V. 


Figure 21-27 


21-29 In Fig. 21-27, how much is Z,, if R = 320 Q and 
X, = 240 Q? 


21-30 In Fig. 21-28, solve for X, lg lo h Zeq, and 0. 


Figure 21-28 


Va = 15 Vac 
f = 3.183 kHz 


L = 50 mH 


21-31 In Fig. 21—28, what happens to each of the following 
quantities if the frequency of the applied voltage 
increases? 

a. lg- 


b. h. 


21-32 Repeat Prob. 21-31 if the frequency of the applied 
voltage decreases. 


SECTION 21-5 QOF A COIL 


21-33 For the inductor shown in Fig. 21-29, calculate the 
Q for the following frequencies: 


a. f= 500 Hz. 

b. f= 1 kHz. 

c. f= 1.592 kHz. 
d. f= 10 kHz. 
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Figure 21-29 


L = 100 mH 


n =100Q 


21-34 Why can’t the Qof a coil increase without limit as the 
value of X, increases for higher frequencies? 


21-35 Calculate the AC effective resistance, R,, of a 350-wH 
inductor whose Q equals 35 at 1.5 MHz. 


21-36 Recalculate the value of R, in Prob. 21-35 if the value 
of Q decreases to 25 at 5 MHz. 


SECTION 21-6 AF AND RF CHOKES 


21-37 In Fig. 21—30, calculate the required value of the 
choke inductance, L, at the following frequencies: 


a. J= 500 Hz. 
b. f= 2.5 kHz. 
c. f= 200 kHz. 
d.f=1 MHz. 


Figure 21-30 


Output 


21-38 |f L= 50 mH in Fig. 21—30, then what is the lowest 
frequency at which L will serve as a choke? 


21-39 In Fig. 21-30 assume that the input voltage equals 
10 V peak-to-peak for all frequencies. If L= 150 mH, 
then calculate V,,,, for the following frequencies: 


out 
a. 159.2 Hz. 
b. 1.592 kHz. 
c. 15.92 kHz. 


SECTION 21-7 THE GENERAL CASE OF INDUCTIVE 
VOLTAGE 


21-40 In Fig. 21-31, draw the waveform of induced voltage, 
V, across the 8-mH inductor for the triangular current 
waveform shown. 


21-41 In Fig. 21-32, draw the waveform of induced voltage, 
V, across the 250-mH inductor for the sawtooth 
current waveform shown. 
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Figure 21-31 


L=8 mH 


Figure 21-32 


Critical Thinking 


21-42 In Fig. 21-33, calculate X., R, L, l, V, and Vp. 


Figure 21-33 Circuit for Critical Thinking Prob. 21—42. 


L 


v, = 36V 
0, = 30° 
Z,=24kQ 

f = 1.591 kHz 
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L = 250 mH 


21-43 


In Fig. 21-34, calculate h, Ip, l Xo’ R, and L. 


Figure 21-34 Circuit for Critical Thinking Prob. 21-43. 


Chapter 21 


21-44 In Fig. 21-35, calculate Va, VX Xi» Zr Li» L2 and ©. 


Figure 21-35 Circuit for Critical Thinking Prob. 21-44. 


R=1kQ 


V, = 10 Vp-p 
f = 3.183 kHz 


Answers to Self-Reviews 21-1 a. 0° 
c. lag 


21-2 a. 0° 
b. 90° 


21-3 a. 28.28 Q 
b. 28.28 V 
c. 45° 


Laboratory Application Assignment 


In this lab application assignment, you will examine both series 
and parallel RL circuits. In the series RL circuit, you will measure 
the individual component voltages as well the circuit current 
and phase angle. In the parallel RL circuit, you will measure the 
individual branch currents, the total current, and the circuit 
phase angle. 


Equipment: Obtain the following items from your instructor. 
* Function generator 

* Oscilloscope 

* 10-Q and 1-kQ carbon-film resistors and a 100-mH inductor 
< DMM 


Series RL Circuit 


Examine the series RL circuit in Fig. 21-36. Calculate and 
record the following circuit values: 
X= Z= J= „V= , 


vea- Qs 
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8 Vp-p 


3 Vp-p 


21-4 a. 2.828 A 


b. -45° 

21-5a. 75 
b. 10Q 

21-6 a. 800 Q 
b. 1600 Q 

21-7 a. 1000 A/s 
b. 9000 A/s 

Figure 21-36 
Channel 1 L =100 mH Channel 2 
Vr = 5 Vrms 
ET T 


Construct the circuit in Fig. 21—36. Set the total voltage, V}, to 
5 Vrms and the frequency, f, to 2 kHz. Using a DMM, measure 
and record the following circuit values: 

i= he Me= 
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Using the measured values of V, and Vp, calculate the total 
voltage, V;, as V = y V8 + V?. Does this value equal the 
applied voltage, V}, of 5 V? Using the measured values 
of voltage and current, calculate X, as V,// and Z as V,//.X, = 
a Using Formula (21-3), determine the 
phase angle, 0,. 0, = . How do these values compare to 
those originally calculated in Fig. 21-36. 


In the space provided below, draw the phasor voltage triangle, 
including the phase angle, 0,, for the circuit of Fig. 21-36. Use 
measured values for Vg, V, and V}. 


Ask your instructor for assistance in using the oscilloscope to 
measure the phase angle, @,, in Fig. 21-36. Note the 
connections designated for channels 1 and 2 in the figure. 


Parallel RL Circuit 


Examine the parallel RL circuit in Fig. 21—37a. Calculate and 
record the following circuit values: 


Construct the circuit in Fig. 21—37a. Set the applied voltage, 
V,, to 5 Vrms and the frequency, f, to 2 kHz. Using a DMM, 
measure and record the following circuit values: 

= le a 

Using the measured values of /, and /,, calculate the total 
current, l, as h = y 12 +17. Does this value agree with the 
measured value of total current? Using the measured 
values of /, and /,, calculate the phase angle, @,, using Formula 
(21-6). 0, = Also, calculate X, as V,// and Zza as Vi /1; 
using measured values. X, = »Zeqg= . How 
do these values compare to those originally calculated in 

Fig. 21-37a? 


In the space provided below, draw the phasor current triangle, 
including the phase angle, @,, for the circuit of Fig. 21—-37a. Use 
measured values for /,, hk, and h. 


Ask your instructor for assistance in using the oscilloscope to 
measure the phase angle, @,, in Fig. 21—-37b. Note the connections 
designated for channels 1 and 2 in the figure. [The voltage drop 


z = ; pe Rs dig ; across the sensing resistor (Ronse) has the same phase as the total 
gn T7— 0 current, h] 
Figure 21-37 


L = 100 mH R=1kQ 


Design credit Multisim: ©Stockbyte/Getty Images 
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Channel 1 


L =100 mH 


R=1kQ 


= Reense = 10 Q Channel 2 
(b) 
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RC and L/R 
Time Constants 


M any applications of inductance are for sine-wave AC circuits, but anytime the 
current changes, L has the effect of producing induced voltage. Examples of 
nonsinusoidal waveshapes include DC voltages that are switched on or off, square 
waves, sawtooth waves, and rectangular pulses. For capacitance, also, many 
applications are for sine-wave AC circuits, but whenever the voltage changes, 

C produces charge or discharge current. 


With nonsinusoidal voltage and current, the effect of L or C is to produce a change in 
waveshape. This effect can be analyzed by means of the time constant for capacitive 
and inductive circuits. The time constant is the time for a change of 63.2% in the 
current through L or the voltage across C. 


Actually, RC circuits are more common than RL circuits because capacitors are 
smaller and more economical and do not have strong magnetic fields. E 


[chapter outline 


22-1 Response of Resistance Alone 
22-2 L/RTime Constant 


22-3 High Voltage Produced by Opening an 
RL Circuit 


22-4 RC Time Constant 
22-5 RC Charge and Discharge Curves 


22-6 High Current Produced by Short- 
Circuiting an RC Circuit 


22-7 RC Waveshapes 


22-8 
22-9 


22-10 


22-11 
22-12 


Long and Short Time Constants 


Charge and Discharge with a Short RC 
Time Constant 


Long Time Constant for an RC 
Coupling Circuit 


Advanced Time Constant Analysis 


Comparison of Reactance and Time 
Constant 


After studying this chapter, you should be able to 


Define the term transient response. 

Define the term time constant. 

Calculate the time constant of a circuit 
containing resistance and inductance. 
Explain the effect of producing a high voltage 
when opening an RL circuit. 

Calculate the time constant of a circuit 
containing resistance and capacitance. 


Explain how capacitance opposes a change 
in voltage. 


List the criteria for proper differentiation and 


integration. 


Explain why a long time constant is required 


for an RC coupling circuit. 


Use the universal time constant graph to 


solve for voltage and current values in an RC 
or RL circuit that is charging or discharging. 


Explain the difference between time 


constants and reactance. 


differentiator 
integrator 
long time constant 


steady-state value 
time constant 


short time constant 


transient response 


universal time constant graph 


RC and L/R Time Constants 


679 


Figure 22-1 Response of circuit with 

R alone. When switch is closed, current I is 
10V/10 Q=1 A. (a) Circuit. (b) Graph of 
steady /. 


GOOD TO KNOW 


Theoretically, the current, /, in 
Fig. 22-2 never reaches its 
steady-state value of 1 A with 


the switch closed. 
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22-1 Response of Resistance Alone 


To emphasize the special features of L and C, the circuit in Fig. 22—1a illustrates 
how an ordinary resistive circuit behaves. When the switch is closed, the battery 
supplies 10 V across the 10-Q R and the resultant Z is 1 A. The graph in Fig. 22-1b 
shows that J changes from 0 to 1 A instantly when the switch is closed. If the applied 
voltage is changed to 5 V, the current will change instantly to 0.5 A. If the switch is 
opened, Z will immediately drop to zero. 

Resistance has only opposition to current; there is no reaction to a change because 
R has no concentrated magnetic field to oppose a change in J, like inductance, and 
no electric field to store charge that opposes a change in V, like capacitance. 


E 22-1 Self-Review 


Answers at the end of the chapter. 


a. Resistance R does not produce induced voltage for a change in I. 
(True/False) 

b. Resistance R does not produce charge or discharge current for a 
change in V. (True/False) 


22-2 L/R Time Constant 


Consider the circuit in Fig. 22-2, where L is in series with R. When S is closed, the 
current changes as J increases from zero. Eventually, J will reach the steady value of 
1 A, equal to the battery voltage of 10 V divided by the circuit resistance of 10 Q. 
While the current is building up from 0 to 1 A, however, / is changing and the induc- 
tance opposes the change. The action of the RL circuit during this time is its transient 
response, which means that a temporary condition exists only until the steady-state 
current of 1 A is reached. Similarly, when S is opened, the transient response of the 
RL circuit opposes the decay of current toward the steady-state value of zero. 

The transient response is measured in terms of the ratio L/R, which is the time 
constant of an inductive circuit. To calculate the time constant, 


wo 
T=; (22-1) 


Figure 22-2 Transient response of circuit with R and inductance L. When 
the switch is closed, / rises from zero to the steady-state value of 1 A. (a) Circuit with 
time constant L/R of 1 H/10 Q = 0.1 s. (b) Graph of | during five time constants. 
Compare with graph in Fig. 22-16. 


Steady-state value of 1A 


01 0.2 03 04 0.5 


Time, s 


Chapter 22 


GOOD TO KNOW 


The time constant is often 
symbolized by t, which is the 
greek letter tau. Therefore, 
Formula (22-1) often appears as 


T=: 


R 


RC and L/R Time Constants 


where T is the time constant in seconds, L is the inductance in henrys, and R is the 
resistance in ohms. The resistance in series with L is either the coil resistance, an 
external resistance, or both in series. In Fig. 22-2, 
L_1 
T= RD 0.1s 

Specifically, the time constant is a measure of how long it takes the current to 
change by 63.2%, or approximately 63%. In Fig. 22-2, the current increases from 
0 to 0.63 A, which is 63% of the steady-state value, in a period of 0.1 s, which is one 
time constant. In a period of five time constants, the current is practically equal to 
its steady-state value of 1 A. 

The reason why L/R equals time can be illustrated as follows: Since induced 
voltage V = L(di/dt), by transposing terms, L has the dimensions of V x T/I. 
Dividing L by R results in V x T/IR. As the JR and V factors cancel, T remains to 
indicate the dimension of time for the ratio L/R. 


Example 22-1 


What is the time constant of a 20-H coil having 100 Q of series resistance? 


ANSWER 


Example 22-2 


An applied DC voltage of 10 V will produce a steady-state current of 100 mA in 
the 100-Q coil of Example 22-1. How much is the current after 0.2 s? After 1 s? 


ANSWER Since 0.2 s is one time constant, / is 63% of 100 mA, which 
equals 63 mA. After five time constants, or 1 s (0.2 s x 5), the current will 
reach its steady-state value of 100 mA and remain at this value as long as the 
applied voltage stays at 10 V. 


Example 22-3 


If a 1-MQ R is added in series with the coil of Example 22-1, how much will 
the time constant be for the higher resistance RL circuit? 


ANSWER 
Pols 20H 
R 1,000,000 Q 
=20 x 10% s 
= 20 us 
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The L/R time constant becomes longer with larger values of L. More series R, 
however, makes the time constant shorter. With more series resistance, the circuit is 
less inductive and more resistive. 


E 22-2 Self-Review 


Answers at the end of the chapter. 


a. Calculate the time constant for 2 H in series with 100 Q. 
b. Calculate the time constant for 2 H in series with 4000 Q. 


22-3 High Voltage Produced by 
Opening an RL Circuit 


When an inductive circuit is opened, the time constant for current decay becomes 
very short because L/R becomes smaller with the high resistance of the open cir- 
cuit. Then the current drops toward zero much faster than the rise of current when 
the switch is closed. The result is a high value of self-induced voltage V, across a 
coil whenever an RL circuit is opened. This high voltage can be much greater than 
the applied voltage. 

There is no gain in energy, though, because the high-voltage peak exists only for 
the short time the current is decreasing at a very fast rate at the start of the decay. 
Then, as J decays at a slower rate, the value of V, is reduced. After the current has 
dropped to zero, there is no voltage across L. 

This effect can be demonstrated by a neon bulb connected across a coil, as shown 
in Fig. 22-3. The neon bulb requires 90 V for ionization, at which time it glows. The 
source here is only 8 V, but when the switch is opened, the self-induced voltage is 
high enough to light the bulb for an instant. The sharp voltage pulse or spike is more 
than 90 V just after the switch is opened, when J drops very fast at the start of the 
decay in current. 

Note that the 100-Q R, is the internal resistance of the 2-H coil. This resistance 
is in series with L whether S is closed or open. The 4-kQ R, across the switch is in 
the circuit only when S is opened, to have a specific resistance across the open 
switch. Since R, is much more than R,, the L/R time constant is much shorter with 
the switch open. 


Closing the Circuit 


In Fig. 22—3a, the switch is closed to allow current in L and to store energy in the 
magnetic field. Since R, is short-circuited by the switch, the 100-Q R, is the only 


Figure 22-3 Demonstration of high voltage produced by opening inductive circuit. 
(a) With switch closed, 8 V applied cannot light the 90-V neon bulb. (b) When the switch is 
opened, the short L/R time constant results in high V, which lights the bulb. 


(b) 
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RC and L/R Time Constants 


resistance. The steady-state Z is V/R, = “oo = 0.08 A. This value of Z is reached after 
five time constants. 

One time constant is L/R = 2/100 = 0.02 s. Five time constants equal 5 x 0.02 = 
0.1 s. Therefore, / is 0.08 A after 0.1 s, or 100 ms. The energy stored in the magnetic 
field is 64 x 10~* J, equal to ALP. 


Opening the Circuit 


When the switch is opened in Fig. 22-3), R, is in series with L, making the total 
resistance 4100 Q, or approximately 4 KQ. The result is a much shorter time con- 
stant for current decay. Then L/R is 74000, or 0.5 ms. The current decays practically 
to zero in five time constants, or 2.5 ms. 

This rapid drop in current results in a magnetic field collapsing at a fast rate, 
inducing a high voltage across L. The peak v, in this example is 320 V. Then v, 
serves as the voltage source for the bulb connected across the coil. As a result, the 
neon bulb becomes ionized, and it lights for an instant. One problem is arcing pro- 
duced when an inductive circuit is opened. Arcing can destroy contact points and 
under certain conditions cause fires or explosions. 


Calculating the Peak of v, 


The value of 320 V for the peak induced voltage when S is opened in Fig. 22-3 can 
be determined as follows: With the switch closed, Z is 0.08 A in all parts of the series 
circuit. The instant S is opened, R, is added in series with L and R,. The energy 
stored in the magnetic field maintains Z at 0.08 A for an instant before the current 
decays. With 0.08 A in the 4-kQ R,, its potential difference is 0.08 x 4000 = 320 V. 
The collapsing magnetic field induces this 320-V pulse to allow an J of 0.08 A at the 
instant the switch is opened. 


The di/dt for v, 


The required rate of change in current is 160 A/s for the v, of 320 V induced by the 
L of 2 H. Since v, = L(di/dt), this formula can be transposed to specify di/dt as 
equal to v, /L. Then di/dt corresponds to 320 V/2 H, or 160 A/s. This value is the 
actual di/dt at the start of the decay in current when the switch is opened in 
Fig. 22-3), as a result of the short time constant.* 


Applications of Inductive Voltage Pulses 


There are many uses for the high voltage generated by opening an inductive circuit. 
One example is the high voltage produced for the ignition system in an automobile. 
Here the circuit of the battery in series with a high-inductance spark coil is opened 
by the breaker points of the distributor to produce the high voltage needed for each 
spark plug. When an inductive circuit is opened very rapidly, 10,000 V can easily be 
produced. 


E 22-3 Self-Review 


Answers at the end of the chapter. 

a. Is the L/R time constant longer or shorter in Fig. 22-3 when S is 
opened? 

b. Which produces more v, a faster di/dt or a slower di/dt? 


* The di/dt value can be calculated from the slope at the start of decay, shown by the dashed line for curve b in 
Fig. 22-9. 
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22-4 RC Time Constant 


The transient response of capacitive circuits is measured in terms of the product 
R x C. To calculate the time constant, 


T=RXC (22-2) 


where R is in ohms, C is in farads, and T is in seconds. In Fig. 22—4, for example, 
with an R of 3 MQ and a C of 1 uF, 


GOOD TO KNOW nab pe a 


Another way to show Formula =3s 


(22-2) is r= RC. Note that the 10° for megohms and the 10~° for microfarads cancel. Therefore, mul- 
tiplying the units of MQ x uF gives the RC product in seconds. 
Common combinations of units for the RC time constant are 


MQ x uF =s 
KQ x uF = ms 
MQ x pF = us 


The reason that the RC product is expressed in units of time can be illustrated as 
follows: C = Q/V. The charge Q is the product of / x T. The factor Vis IR. Therefore, 
RC is equivalent to (R x Q)/V, or (R x IT)/IR. Since I and R cancel, T remains to 
indicate the dimension of time. 


The Time Constant Indicates the Rate of 
Charge or Discharge 
RC specifies the time it takes C to charge to 63% of the charging voltage. Similarly, 


RC specifies the time it takes C to discharge 63% of the way down to the value equal 
to 37% of the initial voltage across C at the start of discharge. 


Figure 22-4 Details of how a capacitor charges and discharges in an RC 
circuit. (a) With S, closed, C charges through R to 63% of V, in one RC time constant of 3 s 
and is almost completely charged in five time constants. (b) With S, opened to disconnect 


the battery and S, closed for C to discharge through R, V- drops to 37% of its initial voltage 
in one time constant of 3 s and is almost completely discharged in five time constants. 
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In Fig. 22-4a, for example, the time constant on charge is 3 s. Therefore, in 3 s, 
C charges to 63% of the 100 V applied, reaching 63 V in RC time. After five time 
constants, which is 15 s here, C is almost completely charged to the full 100 V 
applied. If C discharges after being charged to 100 V, then C will discharge down 
to 36.8 V or approximately 37 V in 3 s. After five time constants, C discharges 
to zero. 

A shorter time constant allows the capacitor to charge or discharge faster. If the 
RC product in Fig. 22-4 is 1 s, then C will charge to 63 V in 1 s instead of 3 s. Also, 
vc will reach the full applied voltage of 100 V in 5 s instead of 15 s. Charging to the 
same voltage in less time means a faster charge. 

On discharge, the shorter time constant will allow C to discharge from 100 to 
37 V in 1 s instead of 3 s. Also, v, will be down to zero in 5 s instead of 15 s. 

For the opposite case, a longer time constant means slower charge or discharge 
of the capacitor. More R or C results in a longer time constant. 


RC Applications 


Several examples are given here to illustrate how the time constant can be applied to 
RC circuits. 


Example 22-4 


What is the time constant of a 0.01-uF capacitor in series with a 1-MQ 
resistance? 


ANSWER 


T=RxC=1x10°x0.01 x 10% 
=0.01s 


The time constant in Example 224 is for charging or discharging, assuming the 
series resistance is the same for charge or discharge. 


Example 22-5 


With a DC voltage of 300 V applied, how much is the voltage across C in 
Example 22-4 after 0.01 s of charging? After 0.05 s? After 2 hours? After 
2 days? 


ANSWER Since 0.01 s is one time constant, the voltage across C then is 
63% of 300 V, which equals 189 V. After five time constants, or 0.05 s, C 
will be charged practically to the applied voltage of 300 V. After 2 hours or 
2 days, C will still be charged to 300 V if the applied voltage is still 
connected. 
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Example 22-6 


If the capacitor in Example 22-5 is allowed to charge to 300 V and then 
discharged, how much is the capacitor voltage 0.01 s after the start of 
discharge? The series resistance is the same on discharge as on charge. 


ANSWER In one time constant, C discharges to 37% of its initial voltage, 
or 0.37 X 300 V, which equals 111 V. 


Example 22-7 


Assume the capacitor in Example 22-5 is discharging after being charged to 
200 V. How much will the voltage across C be 0.01 s after the beginning of 
discharge? The series resistance is the same on discharge as on charge. 


ANSWER In one time constant, C discharges to 37% of its initial voltage, 
or 0.37 x 200, which equals 74 V. 

Example 22-7 shows that the capacitor can charge or discharge from any 
voltage value. The rate at which it charges or discharges is determined by RC, 
counting from the time the charge or discharge starts. 


Example 22-8 


If a 1-MQ resistance is added in series with the capacitor and resistor in 
Example 22-4, how much will the time constant be? 


ANSWER Now the series resistance is 2 MQ. Therefore, RC is 2 x 0.01, 
or 0.02 s. 


The RC time constant becomes longer with larger values of R and C. More 


capacitance means that the capacitor can store more charge. Therefore, it takes lon- 
ger to store the charge needed to provide a potential difference equal to 63% of the 
applied voltage. More resistance reduces the charging current, requiring more time 
to charge the capacitor. 


Note that the RC time constant only specifies a rate. The actual amount of volt- 


age across C depends on the amount of applied voltage as well as on the RC time 
constant. 


A capacitor takes on charge whenever its voltage is less than the applied voltage. 


The charging continues at the RC rate until the capacitor is completely charged, or 
the voltage is disconnected. 
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GOOD TO KNOW 


The voltage across a capacitor 


cannot change instantaneously. 


RC and L/R Time Constants 


A capacitor discharges whenever its voltage is more than the applied voltage. 
The discharge continues at the RC rate until the capacitor is completely discharged, 
the capacitor voltage equals the applied voltage, or the load is disconnected. 

To summarize these two important principles: 


1. Capacitor C charges when the net charging voltage is more than ve. 
2. Capacitor C discharges when v, is more than the net charging voltage. 


The net charging voltage equals the difference between v, and the applied voltage. 


E 22-4 Self-Review 


Answers at the end of the chapter. 


a. How much is the RC time constant for 470 pF in series with 2 MQ on 
charge? 

b. How much is the RC time constant for 470 pF in series with 1 kQ on 
discharge? 


22-5 RC Charge and Discharge Curves 


In Fig. 22-4, the rise is shown in the RC charge curve because the charging is fastest 
at the start and then tapers off as C takes on additional charge at a slower rate. As C 
charges, its potential difference increases. Then the difference in voltage between Vy 
and y, is reduced. Less potential difference reduces the current that puts the charge 
in C. The more C charges, the more slowly it takes on additional charge. 

Similarly, on discharge, C loses its charge at a declining rate. At the start of dis- 
charge, v, has its highest value and can produce maximum discharge current. As the 
discharge continues, v, goes down and there is less discharge current. The more C 
discharges, the more slowly it loses the remainder of its charge. 


Charge and Discharge Current 


There is often the question of how current can flow in a capacitive circuit with a 
battery as the DC source. The answer is that current flows anytime there is a change 
in voltage. When V, is connected, the applied voltage changes from zero. Then 
charging current flows to charge C to the applied voltage. After v. equals Vy, there 
is no net charging voltage and J is zero. 

Similarly, C can produce discharge current anytime v, is greater than Vp. When Vy 
is disconnected, vo can discharge down to zero, producing discharge current in the 
direction opposite from the charging current. After vo equals zero, there is no current. 


Capacitance Opposes Voltage Changes 
across Itself 


This ability corresponds to the ability of inductance to oppose a change in current. 
When the applied voltage in an RC circuit increases, the voltage across the capaci- 
tance cannot increase until the charging current has stored enough charge in C. The 
increase in applied voltage is present across the resistance in series with C until the 
capacitor has charged to the higher applied voltage. When the applied voltage 
decreases, the voltage across the capacitor cannot go down immediately because the 
series resistance limits the discharge current. 

The voltage across the capacitance in an RC circuit, therefore, cannot follow 
instantaneously the changes in applied voltage. As a result, the capacitance is able 
to oppose changes in voltage across itself. The instantaneous variations in V, are 
present across the series resistance, however, since the series voltage drops must add 
to equal the applied voltage at all times. 
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GOOD TO KNOW 


Very large capacitors (1 farad or 
more) are sometimes placed 
across the terminals of a battery 
to improve its performance. The 
capacitor serves as a reservoir 
during instances of very high 
current draw from the battery. 
The capacitor is said to improve 
the transient response of the 


battery. 
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E 22-5 Self-Review 


Answers at the end of the chapter. 


a. From the curve in Fig. 22—4a, how much is vç after 3 s of charge? 
b. From the curve in Fig. 22—4b, how much is vo after 3 s of discharge? 


22-6 High Current Produced by 
Short-Circuiting an RC Circuit 


A capacitor can be charged slowly by a small charging current through a high resis- 
tance and then be discharged quickly through a low resistance to obtain a momen- 
tary surge, or pulse, of discharge current. This idea corresponds to the pulse of high 
voltage obtained by opening an inductive circuit. 

The circuit in Fig. 22-5 illustrates the application of a battery-capacitor (BC) 
unit to fire a flashbulb for cameras. The flashbulb needs 5 A to ignite, but this is too 
much load current for the small 15-V battery, which has a rating of 30 mA for nor- 
mal load current. Instead of using the bulb as a load for the battery, though, the 
100-uF capacitor is charged by the battery through the 3-kQ R in Fig. 22—5a, and 
then the capacitor is discharged through the bulb in Fig. 22—5b. 


Charging the Capacitor 


In Fig. 22—5a, S, is closed to charge C through the 3-kQ R without the bulb. The 
time constant of the RC charging circuit is 0.3 s. 

After five time constants, or 1.5 s, C is charged to the 15 V of the battery. The 
peak charging current, at the first instant of charge, is V/R or 15 V/3 kQ, which 
equals 5 mA. This value is an easy load current for the battery. 


Discharging the Capacitor 


In Fig. 22-5b, vo is 15 V without the battery. Now S, is closed, and C discharges 
through the 3-Q resistance of the bulb. The time constant for discharge with the 
lower r of the bulb is 3 x 100 x 10%, which equals 300 us. At the first instant of 
discharge, when vç is 15 V, the peak discharge current is '%, which equals 5 A. This 
current is enough to fire the bulb. 


Energy Stored in C 


When the 100-uF C is charged to 15 V by the battery, the energy stored in the elec- 
tric field is CV*/2, which equals 0.01 J, approximately. This energy is available to 
maintain v, at 15 V for an instant when the switch is closed. The result is the 5-A 7 


Figure 22-5 Demonstration of high current produced by discharging a charged 
capacitor through a low resistance. (a) When S, is closed, C charges to 15 V through 3 kQ. 
(b) Without the battery, S, is closed to allow V; to produce the peak discharge current of 5 A 
through the 3-Q bulb. Vs in (b) is across the same C used in (a). 


R=3kQ 


Bulb 
r=3Q 


> asv 100 pF 
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RC and L/R Time Constants 


through the 3-Q r of the bulb at the start of the decay. Then v, and i, drop to zero in 
five time constants. 


The dv/d¢t for i- 


The required rate of change in voltage is 0.05 x 10° V/s for the discharge current i, of 
5 A produced by the C of 100 uF. Since i, = C(dv/dt), this formula can be transposed 
to specify dv/dt as equal to i./C. Then dv/dt corresponds to 5 A/100 uF, or 0.05 x 
10° V/s. This value is the actual dv/dt at the start of discharge when the switch is 
closed in Fig. 22-5b. The dv/dt is high because of the short RC time constant.* 


E 22-6 Self-Review 


Answers at the end of the chapter. 


a. Is the RC time constant longer or shorter in Fig. 22-5b compared 
with Fig. 22-5a? 
b. Which produces more iç, a faster dv /dt or a slower dv /dt? 


22-7 RC Waveshapes 


The voltage and current waveshapes in the RC circuit in Fig. 22-6 show when a 
capacitor is allowed to charge through a resistance for RC time and then discharge 
through the same resistance for the same amount of time. Note that this particular 
case is not typical of practical RC circuits, but the waveshapes show some useful 
details about the voltage and current for charging and discharging. The RC time 
constant here equals 0.1 s to simplify the calculations. 


Square Wave of Applied Voltage 


The idea of closing S, to apply 100 V and then opening it to disconnect V, at a regu- 
lar rate corresponds to a square wave of applied voltage, as shown by the waveform 
in Fig. 22—6a. When S, is closed for charge, S, is open; when S, is open, S, is closed 
for discharge. Here the voltage is on for the RC time of 0.1 s and off for the same 
time of 0.1 s. The period of the square wave is 0.2 s, and fis 1/0.2 s, which equals 
5 Hz for the frequency. 


Capacitor Voltage v, 


As shown in Fig. 22-6), the capacitor charges to 63 V, equal to 63% of the charging 
voltage, in the RC time of 0.1 s. Then the capacitor discharges because the applied 
V, drops to zero. As a result, vo drops to 37% of 63 V, or 23.3 V in RC time. 

The next charge cycle begins with v, at 23.3 V. The net charging voltage now is 
100 — 23.3 = 76.7 V. The capacitor voltage increases by 63% of 76.7 V, or 48.3 V. 
When 48.3 V is added to 23.3 V, vo rises to 71.6 V. On discharge, after 0.3 s, ve 
drops to 37% of 71.6 V, or to 26.5 V. 


Charge and Discharge Current 


As shown in Fig. 22—6c, the current i has its positive peak at the start of charge and 
its negative peak at the start of discharge. On charge, i is calculated as the net charg- 
ing voltage, which is (V, — vc) divided by R. On discharge, i always equals v./R. 

At the start of charge, i is maximum because the net charging voltage is maxi- 
mum before C charges. Similarly, the peak i for discharge occurs at the start, when 
vc is maximum before C discharges. 


* See footnote on p. 673. 
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GOOD TO KNOW 


The average DC value of the 
applied voltage is its average 
height over one full cycle. The 


DC value can be calculated as 


where t, = the length of time the 
pulse is on 
Prt = the pulse repetition 
time, also known as 
the waveform’s period 
V, = the peak value of the 


waveform 


In Fig. 22-64, Vie = 50 V. 
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Figure 22-6 Waveshapes for the charge and discharge of an RC circuit in RC time. Circuit 
on top with S, and S, provides the square wave of applied voltage. 
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Note that i is an AC waveform around the zero axis, since the charge and dis- 
charge currents are in opposite directions. We are arbitrarily taking the charging 
current as positive values for i. 


Resistor Voltage v, 


This waveshape in Fig. 22—6d follows the waveshape of current because v, is i X R. 
Because of the opposite directions of charge and discharge current, the iR wave- 
shape is an AC voltage. 

Note that on charge, v, must always be equal to V} — vo because of the series 
circuit. 

On discharge, v, has the same values as v, because they are in parallel, without 
Vr- Then S, is closed to connect R across C. 
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GOOD TO KNOW 


Inductors and resistors can also 
be used to obtain either a 
differentiated or integrated 
output. For an RL differentiator, 
the output is taken across the 
inductor. Conversely, for an RL 
integrator the output is taken 


across the resistor. 


RC and L/R Time Constants 


Why the i- Waveshape Is Important? 


The vo waveshape of capacitor voltage in Fig. 22-6 shows the charge and discharge 
directly, but the i. waveshape is very interesting. First, the voltage waveshape across 
R is the same as the i, waveshape. Also, whether C is charging or discharging, the i, 
waveshape is the same except for the reversed polarity. We can see the i, waveshape 
as the voltage across R. It generally is better to connect an oscilloscope for voltage 
waveshapes across R, especially with one side grounded. 

Finally, we can tell what vo is from the vg waveshape. The reason is that at any 
instant, V; must equal the sum of v} and ve. Therefore, vo is equal to Vy — vg, when 
V, is charging C. When C is discharging, there is no Vy. Then vp is the same as Vc. 


E 22-7 Self-Review 


Answers at the end of the chapter. 


Refer to the waveforms in Fig. 22-6. 
a. When vç is 63 V, how much is vg? 
b. When v, is 76.7 V, how much is vo? 


22-8 Long and Short Time Constants 


Useful waveshapes can be obtained by using RC circuits with the required time 
constant. In practical applications, RC circuits are used more than RL circuits 
because almost any value of an RC time constant can be obtained easily. With coils, 
the internal series resistance cannot be short-circuited and the distributed capaci- 
tance often causes resonance effects. 


Long RC Time 


Whether an RC time constant is long or short depends on the pulse width of the 
applied voltage. We can arbitrarily define a long time constant as at least five times 
longer than the pulse width, in time, for the applied voltage. As a result, C takes on 
very little charge. The time constant is too long for v, to rise appreciably before the 
applied voltage drops to zero and C must discharge. On discharge also, with a long 
time constant, C discharges very little before the applied voltage rises to make 
C charge again. 


Short RC Time 


A short time constant is defined as no more than one-fifth the pulse width, in time, 
for the applied voltage V,. Then V, is applied for a period of at least five time con- 
stants, allowing C to become completely charged. After C is charged, v, remains at 
the value of V, while the voltage is applied. When V, drops to zero, C discharges 
completely in five time constants and remains at zero while there is no applied volt- 
age. On the next cycle, C charges and discharges completely again. 


Differentiation 


The voltage across R in an RC circuit is called a differentiated output because vg can 
change instantaneously. A short time constant is always used for differentiating cir- 
cuits to provide sharp pulses of va. 


Integration 


The voltage across C is called an integrated output because it must accumulate over 
a period of time. A medium or long time constant is always used for integrating 
circuits. 
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GOOD TO KNOW 


Differentiation and integration 
are mathematical terms used in 
calculus. Time constant circuits 
using capacitors, resistors, and 
inductors, can be used to 
produce waveforms that are 
approximated by these 


mathematical functions. 
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E 22-8 Self-Review 


Answers at the end of the chapter. 


a. Voltage V, is on for 0.4 s and off for 0.4 s. RC is 6 ms for charge and 
discharge. Is this a long or short RC time constant? 

b. Voltage V,, is on for 2 us and off for 2 us. RC is 6 ms for charge and 
discharge. Is this a long or short RC time constant? 


22-9 Charge and Discharge with a 
Short RC Time Constant 


Usually, the time constant is made much shorter or longer than a factor of 5 to obtain 
better waveshapes. In Fig. 22-7, RC is 0.1 ms. The frequency of the square wave is 
25 Hz, with a period of 0.04 s, or 40 ms. One-half this period is the time when V, is 
applied. Therefore, the applied voltage is on for 20 ms and off for 20 ms. The RC 
time constant of 0.1 ms is shorter than the pulse width of 20 ms by a factor of 00. 
Note that the time axis of all waveshapes is calibrated in seconds for the period of 
V,, not in RC time constants. 


Figure 22-7 Charge and discharge of an RC circuit with a short time 
constant. Note that the waveshape of V} in (d) has sharp voltage peaks for the leading and 
trailing edges of the square-wave applied voltage. 
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Square Wave of V- Is across C 


The waveshape of v, in Fig. 22—7b is the same as the square wave of applied voltage 
because the short time constant allows C to charge or discharge completely very 
soon after Vy is applied or removed. The charge or discharge time of five time con- 
stants is much less than the pulse width. 


Sharp Pulses of i 


The waveshape of i shows sharp peaks for the charge or discharge current. Each cur- 
rent peak is V,/R = 1 mA, decaying to zero in five RC time constants. These pulses 
coincide with the leading and trailing edges of the square wave of V}. 

Actually, the pulses are much sharper than shown. They are not to scale horizon- 
tally to indicate the charge and discharge action. Also, v, is, in fact, a square wave, 
like the applied voltage, but with slightly rounded corners for the charge and 
discharge. 


Sharp Pulses of v, 


The waveshape of voltage across the resistor follows the current waveshape because 
Vp = İR. Each current pulse of 1 mA across the 100-KQ R results in a voltage pulse 
of 100 V. 

More fundamentally, the peaks of v, equal the applied voltage V, before 
C charges. Then vp drops to zero as v, rises to the value of V}. 

On discharge, vg = vc, which is 100 V at the start of discharge. Then the pulse 
drops to zero in five time constants. The pulses of v, in Fig. 22-7 are useful as tim- 
ing pulses that match the edges of the square-wave applied voltage V,. Either the 
positive or the negative pulses can be used. 

The RC circuit in Fig. 22—7a is a good example of an RC differentiator. With 
the RC time constant much shorter than the pulse width of V}, the voltage Vp follows 
instantaneously the changes in the applied voltage. Keep in mind that a differentia- 
tor must have a short time constant with respect to the pulse width of V, to provide 
good differentiation. For best results, an RC differentiator should have a time con- 
stant which is one-tenth or less of the pulse width of V}. 


E 22-9 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 22-7. 
a. Is the time constant here short or long? 
b. Is the square wave of applied voltage across C or R? 


22-10 Long Time Constant for an RC 
Coupling Circuit 


The RC circuit in Fig. 22—8 is the same as that in Fig. 22-7, but now the RC time 
constant is long because of the higher frequency of the applied voltage. Specifically, 
the RC time of 0.1 ms is 200 times longer than the 0.5-us pulse width of V, with a 
frequency of 1 MHz. Note that the time axis is calibrated in microseconds for the 
period of V.,, not in RC time constants. 


Very Little of V, Is across C 


The waveshape of v, in Fig. 22-8) shows very little voltage rise because of the long 
time constant. During the 0.5 us when V, is applied, C charges to only 00 of the 
charging voltage. On discharge, also, v, drops very little. 
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GOOD TO KNOW 


An RC integrator can also be 
described as a circuit whose 
output is proportional to the 


charge being stored. 


694 


Figure 22-8 Charge and discharge of an RC circuit with a long time constant. Note that 
the waveshape of V} in (d) has the same waveform as the applied voltage. 
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The waveshape of i stays close to the 1-mA peak at the start of charging. The reason 
is that vo does not increase much, allowing V, to maintain the charging current. On 
discharge, the reverse i for discharge current is very small because v, is low. 


Square Wave of V- Is across R 


The waveshape of v, is the same square wave as i because vz = iR. The waveshapes 
of i and v, are essentially the same as the square-wave V, applied. They are not 
shown to scale vertically to indicate the slight charge and discharge action. 

Eventually, vo will climb to the average DC value of 50 V, i will vary +0.5 mA 
above and below zero, and vę will vary +50 V above and below zero. This 
application is an RC coupling circuit to block the average value of the varying DC 
voltage V, as the capacitive voltage v,, and v, provides an AC voltage output hav- 
ing the same variations as V}. 
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If the output is taken across C rather than R in Fig. 22—8a, the circuit is classified 
as an RC integrator. In Fig. 22-8, it can be seen that C combines or integrates its 
original voltage with the new change in voltage. Eventually, however, the voltage 
across C will reach a steady-state value of 50 V after the input waveform has been 
applied for approximately five RC time constants. Keep in mind that an integrator 
must have a long time constant with respect to the pulse width of V} to provide good 
integration. For best results, an RC integrator should have a time constant which is 
10 or more times longer than the pulse width of V}. 


E 22-10 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 22-8. 
a. Is the RC time constant here short or long? 
b. Is the square wave of applied voltage across R or C? 


22-11 Advanced Time Constant Analysis 


We can determine transient voltage and current values for any amount of time with 
the curves in Fig. 22-9. The rising curve a shows how ve builds up as C charges in 
an RC circuit; the same curve applies to i,, increasing in the inductance for an RL 
circuit. The decreasing curve b shows how ve drops as C discharges or i, decays in 
an inductance. 

Note that the horizontal axis is in units of time constants rather than absolute 
time. Suppose that the time constant of an RC circuit is 5 us. Therefore, one RC time 
unit = 5 us, two RC units = 10 us, three RC units = 15 us, four RC units = 20 us, and 
five RC units = 25 us. 

As an example, to find vç after 10 us of charging, we can take the value of curve 
a in Fig. 22-9 at two RC. This point is at 86% amplitude. Therefore, we can say that 
in this RC circuit with a time constant of 5 us, vẹ charges to 86% of the applied Vy 
after 10 us. Similarly, some important values that can be read from the curve are 
listed in Table 22-1. 


Figure 22-9 Universal time constant chart for RC and RL circuits. The rise or fall changes 
by 63% in one time constant. 
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Factor Amplitude 
0.2 time constant 20% 
0.5 time constant 40% 
0.7 time constant 50% 
1 time constant 63% 
2 time constants 86% 
3 time constants 96% 
4 time constants 98% 
5 time constants 99% 


If we consider curve a in Fig. 22-9 as an RC charge curve, vo adds 63% of the net 
charging voltage for each additional unit of one time constant, although it may not 
appear so. For instance, in the second interval of RC time, vo adds 63% of the net 
charging voltage, which is 0.37 V+. Then 0.63 x 0.37 equals 0.23, which is added to 
0.63 to give 0.86, or 86%, as the total charge from the start. 


Slope att = O 


The curves in Fig. 22-9 can be considered approximately linear for the first 20% 
of change. In 0.1 time constant, for instance, the change in amplitude is 10%; 
in 0.2 time constant, the change is 20%. The dashed lines in Fig. 22—9 show that 
if this constant slope continued, the result would be 100% change in one time 
constant. This does not happen because the change is opposed by the energy 
stored in L and C. However, at the first instant of rise or decay, at t = 0, the change 
in Vv, or į can be calculated from the dotted slope line. 


Equation of the Decay Curve 


The rising curve a in Fig. 22-9 may seem more interesting because it describes the 
buildup of v, or i,, but the decaying curve b is more useful. For RC circuits, curve b 
can be applied to 


1. v, on discharge 
2. iand v, on charge or discharge 


If we use curve b for the voltage in RC circuits, the equation of this decay curve 
can be written as 


v=VX ew RC (22-3) 


where V is the voltage at the start of decay and v is the instantaneous voltage after the 
time ¢. Specifically, v can be v, on charge and discharge or v, only on discharge. 

The constant € is the base 2.718 for natural logarithms. The negative exponent 
—t/RC indicates a declining exponential or logarithmic curve. The value of t/RC is 
the ratio of actual time of decline ¢ to the RC time constant. 

This equation can be converted to common logarithms for easier calculations. 
Since the natural base € is 2.718, its logarithm to base 10 equals 0.434. Therefore, 
the equation becomes 


v = antilog (los V — 0.434 x RC) (22-4) 
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Figure 22-10 How v; and vp add to 


equal the applied voltage v of 100 V. 

(a) Zero time at the start of charging. 
(b) After one RC time constant. (c) After 
two RC time constants. (d) After five or 
more RC time constants. 


Vp = 100 V 
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Calculations for v, 


As an example, let us calculate v, dropping from 100 V, after RC time. Then the 
factor t/RC is 1. Substituting these values, 


Vp = antilog (log100 — 0.434 x 1) 
= antilog (2 — 0.434) 
= antilog 1.566 
=37V 


All these logs are to base 10. Note that log 100 is taken first so that 0.434 can 
be subtracted from 2 before the antilog of the difference is found. The antilog of 
1.566 is 37. 

We can also use V, to find Vo, which is Vy — Vz. Then 100 — 37 = 63 V for Vo. 
These answers agree with the fact that in one time constant, V, drops 63% and Vo 
rises 63%. 

Figure 22-10 illustrates how the voltages across R and C in series must add to 
equal the applied voltage V,. The four examples with 100 V applied are 


1. At time zero, at the start of charging, Vz is 100 V and Vo is 0 V. Then 


100 + 0 = 100 V. 

2. After one time constant, V, is 37 V and Vo is 63 V. Then 
37 + 63 = 100 V. 

3. After two time constants, Vg is 14 V and Vo is 86 V. Then 
14 + 86 = 100 V. 


4. After five time constants, V} is O V and V; is 100 V, approximately. 
Then 0 + 100 = 100 V. 


It should be emphasized that Formulas (22-3) and (22-4) can be used to calcu- 
late any decaying value on curve b in Fig. 22-9. These applications for an RC circuit 
include V} on charge or discharge, i on charge or discharge, and Vo only on dis- 
charge. For an RC circuit in which C is charging, Formula (22-5) can be used to 
calculate the capacitor voltage v, at any point along curve a in Fig. 22-9: 


ve = VL — ee) (22-5) 


In Formula (22-5), V represents the maximum voltage to which C can charge, 
whereas v, is the instantaneous capacitor voltage after time t. Formula (22-5) is 
derived from the fact that vc must equal Vy — Vg while C is charging. 


Example 22-9 


An RC circuit has a time constant of 3 s. The capacitor is charged to 40 V. Then 
C is discharged. After 6 s of discharge, how much is V}? 


ANSWER Note that 6 s is twice the RC time of 3 s. Then t/RC = 2. 


Vg = antilog (log 40 — 0.434 x 2) 
= antilog (1.602 — 0.868) 
= antilog (0.734) 
=5.42V 


Note that in two RC time constants, the v} is down to approximately 14% of its 
initial voltage, a drop of about 86%. 
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GOOD TO KNOW 


When a capacitor charges from an 
initial voltage other than zero, the 
capacitor voltage can be determined 
at any time, t, with the use of the 


following equation: 

ve = (V; — V) — eE) + V, 
where V, and V, represent the final 
and initial voltages, respectively. 
The quantity (V, — V) represents 
the net charging voltage. 
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Calculations for t 


Furthermore, Formula (22-4), can be transposed to find the time f for a specific 
voltage decay. Then 


t= 2.3 RC log (22-6) 


where V is the higher voltage at the start and v is the lower voltage at the finish. The 
factor 2.3 is %a34. 

As an example, let RC be 1 s. How long will it take for v, to drop from 100 to 
50 V? The required time for this decay is 


t=2.3 x 1 x log WO = 2.3 x 1 x log 2 


=2.3x1x0.3 
=0.7s approximately 


This answer agrees with the fact that a drop of 50% takes 0.7 time constant. For- 
mula (22-6) can also be used to calculate the time for any decay of vo or vg. 

Formula (22-6) cannot be used for a rise in ve. However, if you convert this rise 
to an equivalent drop in vp, the calculated time is the same for both cases. 


Example 22-10 


An RC circuit has an R of 10 kQ and a C of 0.05 uF. The applied voltage for 
charging is 36 V. (a) Calculate the time constant. (b) How long will it take C to 
charge to 24 V? 


ANSWER 


a. RC is 10 KQ x 0.05 uF = 0.5 ms or 0.5 x 10° s. 
b. The vo rises to 24 V while v, drops from 36 to 12 V. Then 


t= 2.3 RC logy 


=2.3x0.5 x 10° x log3$ 


= 2.3 x 0.5 x 10° x 0.477 


= 0.549 x 10™°s or 0.549 ms 


E 22-11 Self-Review 
Answers at the end of the chapter. 


For the universal curves in Fig. 22-9, 
a. Curve a applies to vy, on charge. (True/False) 
Curve b applies to v, on discharge. (True/False) 
c. Curve b applies to vg when C charges or discharges. (True/False) 


22-12 Comparison of Reactance and 
Time Constant 


The formula for capacitive reactance includes the factor of time in terms of fre- 
quency as Xo = 1/(2zfC). Therefore, Xç and the RC time constant are both measures 
of the reaction of C to a change in voltage. The reactance X; is a special case but a 
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very important one that applies only to sine waves. The RC time constant can be 
applied to square waves and rectangular pulses. 


Phase Angle of Reactance 


The capacitive charge and discharge current i, is always equal to C(dv/dt). A sine 
wave of voltage variations for vç produces a cosine wave of current iç. This means 
that vo and i, are both sinusoids, but 90° out of phase. 

In this case, it is usually more convenient to use Xe for calculations in sine-wave 
AC circuits to determine Z, J, and the phase angle 8. Then I. = V./X¢. Moreover, if 
Ie is known, Vo = Ie X Xc. The phase angle of the circuit depends on the amount of 
Xc compared with the resistance R. 


Changes in Waveshape 


With nonsinusoidal voltage applied, Xo cannot be used. Then i, must be calculated 
as C(dv/dt). In this comparison of i, and ve, their waveshapes can be different, 
instead of the change in phase angle for sine waves. The waveshapes of v, and i. 
depend on the RC time constant. 


Coupling Capacitors 


If we consider the application of a coupling capacitor, Xo must be one-tenth or less 
of its series R at the desired frequency. This condition is equivalent to having an RC 
time constant that is long compared with the period of one cycle. In terms of Xo, the 
C has little ZX, voltage, with practically all the applied voltage across the series R. 
In terms of a long RC time constant, C cannot take on much charge. Practically all 
the applied voltage is developed as v, = iR across the series resistance by the charge 
and discharge current. These comparisons are summarized in Table 22-2. 


Inductive Circuits 


Similar comparisons can be made between X, = 2zfL for sine waves and the L/R 
time constant. The voltage across any inductance is v, = L(di/dt). Sine-wave varia- 
tions for i, produce a cosine wave of voltage v,, 90° out of phase. 

In this case, X, can be used to determine Z, J, and the phase angle @. Then [, = 
V,/X,. Furthermore, if Z is known, V, = J, x X,. The phase angle of the circuit 
depends on the amount of X, compared with R. 


Table 22-2 Comparison of Reactance X „and RC Time Constant 


Sine-Wave Voltage 


Nonsinusoidal Voltage 


Examples are 60-Hz power line, af signal Examples are DC circuit turned on and off, square waves, 


voltage, rf signal voltage 


Reactance X; = Ze 


rectangular pulses 


Time constant T = RC 


Larger C results in smaller reactance Xe Larger C results in longer time constant 

Higher frequency results in smaller Xe Shorter pulse width corresponds to longer time constant 
V, 

pa pact 
Xe dt 

Xc makes /. and V, 90° out of phase Waveshape changes between i, and ve 


RC and L/R Time Constants 
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GOOD TO KNOW 


Always remember that X, and Xe 
are quantities that apply only to 


sinusoidal waveforms. 
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With nonsinusoidal voltage, however, X, cannot be used. Then v, must be calcu- 
lated as L(di/dt). In this comparison, i, and v, can have different waveshapes, 
depending on the L/R time constant. 


Choke Coils 


For this application, the idea is to have almost all the applied AC voltage across L. 
The condition of X, being at least 10 times R corresponds to a long time constant. 
The high value of X, means that practically all the applied AC voltage is across X, 
as IX,, with little ZR voltage. 

The long L/R time constant means that i, cannot rise appreciably, resulting in 
little vp voltage across the resistor. The waveform for i, and vp in an inductive circuit 
corresponds to vç in a capacitive circuit. 


When Do We Use the Time Constant? 


In electronic circuits, the time constant is useful in analyzing the effect of L or C on 
the waveshape of nonsinusoidal voltages, particularly rectangular pulses. Another 
application is the transient response when a DC voltage is turned on or off. The 63% 
change in one time constant is a natural characteristic of v or i, where the magnitude 
of one is proportional to the rate of change of the other. 


When Do We Use Reactance? 


X, and Xo are generally used for sine-wave V or J. We can determine Z, I, voltage 
drops, and phase angles. The phase angle of 90° is a natural characteristic of a cosine 
wave when its magnitude is proportional to the rate of change in a sine wave. 


E 22-12 Self-Review 


Answers at the end of the chapter. 


a. Does an RC coupling circuit have a small or large X, compared 
with R? 

b. Does an RC coupling circuit have a long or short time constant for 
the frequency of the applied voltage? 
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Summary 


The transient response of an 
inductive circuit with nonsinusoidal 
current is indicated by the time 
constant L/R. With Lin henrys and 
Rin ohms, T is the time in seconds 
for the current i, to change by 63%. 
In five time constants, į reaches the 
teady value of V,/R. 


s 
At the instant an inductive circuit is 
opened, high voltage is generated 
across L because of the fast current 
decay with a short time constant. 
The induced voltage v, = L(di/dt). 
The diis the change in i. 


The transient response of a 
capacitive circuit with nonsinusoidal 
voltage is indicated by the time 
constant RC. With Cin farads and R 
in ohms, T is the time in seconds for 
the voltage across the capacitor ve 
to change by 63%. In five time 
constants, v. reaches the steady 
value of V}. 


At the instant a charged capacitor is 
discharged through a low 


Important Terms 


Differentiator — a circuit whose output 
is proportional to the change in 
applied voltage. To provide good 
differentiation, the time constant of a 
circuit must be short with respect to 
the pulse width of the applied voltage. 


Integrator — a circuit whose output 
combines or integrates its original 
voltage with the new change in 
voltage. For best integration, the time 
constant of a circuit must be long 
with respect to the pulse width of the 
applied voltage. 


Related Formulas 


=L 
T=% 
T=RXC 
v= V xe 


as 


v=antilog{log V — 0.434 x RC 
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resistance, a high value of discharge 
current can be produced. The 
discharge current i. = C(dv/dt) can 
be large because of the fast 
discharge with a short time 
constant. The dvis the change in vç. 


The waveshapes of v- and i, 
correspond, as both rise relatively 
slowly to the steady-state value. 


Also, i. and v, correspond because 
they are waveforms that can change 
instantaneously. 


The resistor voltage vp = iR for both 
RC and RL circuits. 


A short time constant is one-fifth or 
less of the pulse width, in time, for 
the applied voltage. 


A long time constant is greater than 
the pulse width, in time, for the applied 
voltage by a factor of 5 or more. 


An RC circuit with a short time 
constant produces sharp voltage 
spikes for vg at the leading and 
trailing edges of a square wave of 


Long time constant — a long time 


constant is arbitrarily defined as 
one that is five or more times longer 
than the pulse width of the applied 
voltage. 


Short time constant — a short time 


constant is arbitrarily defined as one 
that is one-fifth or less the time of the 
pulse width of the applied voltage. 


Steady-state value — the final condition 


of a circuit after it has passed through 
its initial transitional state. 


y= VC — e) 


t=2.3 RC log¥ 


applied voltage. The waveshape of 
voltage V; is across the capacitor as 
vc. See Fig. 22-7. 

An RC circuit with a long time 
constant allows vg to be essentially 
the same as the variations in applied 


voltage V,, and the average DC value 
of V is blocked as v.. See Fig. 22-8. 


The universal rise and decay curves 
in Fig. 22-9 can be used for current 
or voltage in RC and RL circuits for 
any time up to five time constants. 


A differentiator is a circuit whose 
output is proportional to the change 
in applied voltage. 


An integrator is a circuit whose 
output combines, or integrates, its 
original voltage with the new change 
in voltage. 


The concept of reactance is only useful 
for sine-wave AC circuits with L and C. 


The time constant method is used 
with L or C to analyze nonsinusoidal 
waveforms. 


Time constant — a measure of how long 


it takes for a 63.2% change to occur. 


Transient response — a term to 


describe the transitional state of a 
circuit when power is first applied or 
removed. 


Universal time constant graph — a 


graph that shows the percent 
change in voltage or current in an 
RC or RL circuit with respect to the 
number of time constants that have 
elapsed. 
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Self-Test 


Answers at the back of the book. 


1. What is the time constant of the 
circuit in Fig. 22-11 with 5S, 
closed? 

a. 250 us. 
b. 31.6 us. 
c. 50 us. 
d.5 ms. 


Figure 22-11 


R=1kQ 


2. With S, closed in Fig. 22-11, what is 
the eventual steady-state value of 
current? 


a. 15.8 mA. 
b.12.5 mA. 
c. O mA. 

d. 25 mA. 


3. In Fig. 22-11 , how long does it 
take the current, I, to reach its 
steady-state value after S, is 
closed? 


a. 50 us. 
b. 250 us. 
c. 500 us. 


d. It cannot be determined. 


4. In Fig. 22-11 , how much is the 
resistor voltage at the very first 
instant (t= O s) S, is closed? 


a. OV. 
b. 25 V. 
& 15:8 V: 
d. 9.2 V. 


5. In Fig. 22-11 ,what is the value of 
the resistor voltage exactly one time 
constant after S, is closed? 


a. 15.8 V. 
b.9.2V. 

€,6.32 V. 
d.21.5V. 
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6. Ifa 2-MQ resistor is placed across 
the switch, S,, in Fig. 22-11, how 
much is the peak inductor voltage, 
V., when S; is opened? 


a.OV. 
b. 25 V. 
c. 50 kV. 


d. It cannot be determined. 


7. In Fig. 22-11 ,what is the value of 
the current 35 us after S, is closed? 


a. approximately 20 mA. 
b. approximately 12.5 mA. 
c. 15.8 mA. 

d. 20 mA. 


8. With S, closed in Fig. 22-11 , the 
length of one time constant could be 
increased by 


a. decreasing L. 
b. decreasing R. 
c. increasing L. 


d. both b and c. 


9. In Fig. 22-11, what is the value of 
the inductor voltage five time 
constants after S, is closed? 


a. 50 kV. 
b. 25 V. 
c. OV. 

d:9.2 V. 


10. In Fig. 22-11 , how much is the 


resistor voltage exactly 100 us after 
S, is closed? 


a.12V. 
b. 21.6 V. 
c. 3.4 V. 
d. 158V. 


11. In Fig. 22-12, what is the time 


constant of the circuit with S, in 
Position 1? 


a.2s. 
b.5s. 
c. 10s. 
Chel Sis 


12. In Fig. 22-12, what is the time 


constant of the circuit with S, in 
Position 2? 


a.2s. 
b55, 
c. 10s. 
d: 15: 


Figure 22-12 


13. 


14. 


15. 


16. 


R,=1MQ 


® s, 


In Fig. 22-12, how long will it take 
for the voltage across Cto reach 
100 V after S, is placed in Position 1? 


a.ls. 
by 2's. 
c. 10s. 
d 55; 


In Fig. 22-12, how much voltage is 
across resistor, R}, at the first instant 
the switch is moved from Position 2 
to Position 1? (Assume that Cwas 
completely discharged with S, in 
Position 2.) 


a. 100 V. 
b. 63.2 V. 
c. OV. 

d. 36.8 V. 


In Fig. 22-12, assume that Cis 
fully charged to 100 V with S, in 
Position 1. How long will it take 
for Cto discharge fully if S, is 
moved to Position 2? 


a.ls. 
b: 5s: 
c. 10s. 
ad. 2s. 


In Fig. 22-12, assume that Cis 
completely discharged while in 
Position 2. What is the voltage 
across Cexactly 1s after S, is 
moved to Position 1? 


a. 50v. 

b. 63.2 V. 
c. 36.8 V. 
d. 100V. 
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17. In Fig. 22-12, assume that Cis 
completely discharged while in 
Position 2. What is the voltage 


across R, exactly two time constants 


after S, is moved to Position 1? 
a. 37 V. 


20. In Fig. 22-12, assume that Cis 


charging with S; in Position 1. At the 
instant the capacitor voltage reaches 
75 V, S, is moved to Position 2. What 
is the approximate value of the 
capacitor voltage 0.7 time constant 
after S, is moved to Position 2? 


b. 13.5 V. 
Ss a. /5V. 
Ay b. 27.6 V. 
c. 50V. 
18. In Fig. 22-12, what is the steady- d. 37.5 V. 


state value of current with S, in 
Position 1? 


a. 100 uA. 
b. 50 uA. 
c. 1A. 
d. O uA. 


19. In Fig. 22-12, assume that Cis 
fully charged to 100 V with S, in 
Position 1. What is the value of 
the capacitor voltage 3 s after S, 
is moved to Position 2? 


a. 77.7 V: 
b. OV. 

c. 22.3 V. 
d. 36.8 V. 


Essay Questions 


21. 


22. 


For best results, an RC coupling 
circuit should have a 


a. short time constant. 
b. medium time constant. 
c. long time constant. 


d. zero time constant. 


A differentiator is a circuit whose 


a. output combines its original 
voltage with the new change in 
voltage. 


b. output is always one-half of V,,. 


c. time constant is long with the 
output across C. 


d. output is proportional to the 
change in applied voltage. 


23. An integrator is a circuit whose 


a. output combines its original 
voltage with the new change in 
voltage. 


b. output is always equal to V. 


c. output is proportional to the 
change in applied voltage. 


d. time constant is short with the 
output across R. 


24. The time constant of an RL circuit is 


47us. If L= 4.7 mH, calculate R. 
a. R=10kQ. 


b.R=100Q. 
c. R=10 MQ. 
d. R=1 kQ. 


25. The time constant of an RC circuit is 


330 us. If R= 1 kQ, calculate C. 


a. C= 0.33 uF. 
b. C= 0.033 uF. 
c. C= 3.3 uF. 
d C=330 pF. 


1. Give the formula, with units, for calculating the time 9. Redraw the circuit and graphs in Fig. 22-7 with 
constant of an RL circuit. everything the same except that R is 20 kQ, making the 
2. Give the formula, with units, for calculating the time RC time constant shorter. 
constant of an RC circuit. 10. Redraw the circuit and graphs in Fig. 22-8 with 
3 Redraw the Ri creutandarash nTa oe are eee everything the same except that R is 500 kQ, making the 
i anda 100-Q R grap 9: RC time constant longer. 
A: Redrawthearaphsin Fia. 224ta fi thecireiitin 11. Invert circa akan rig in two forms, to find Ror C 
Fig. 22—5 with a 100-uF C. Use a 3000-Q R for charge aaa 
but a 3-Q R for discharge. 12. Show three types of nonsinusoidal waveforms. 
5. List two comparisons of RC and RL circuits for 13. Give an application in electronic circuits for an RC 
nonsinusoidal voltage. circuit with a long time constant and with a short time 
6. List two comparisons between RC circuits with constant: 
nonsinusoidal voltage and sine-wave voltage applied. 14. Why can arcing voltage be a problem with coils used in 
aes kes 
7. Define the following: (a) a long time constant; (b) a switching circuits? 
short time constant; (c) an RC differentiating circuit; 
d) an RC integrating circuit. 
8. Redraw the horizontal time axis of the universal curve 


in Fig. 22-9, calibrated in absolute time units of 
milliseconds for an RC circuit with a time constant 
equal to 2.3 ms. 


RC and L/R Tim 


e Constants 
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Problems 


SECTION 22-1 RESPONSE OF RESISTANCE ALONE 


22-1 In Fig. 22—13, how long does it take for the current, /, 
to reach its steady-state value after S, is closed? 


Figure 22-13 


22-2 In Fig. 22-13, what is the current with S} closed? 


22-3 Explain how the resistor in Fig. 22-13 reacts to the 
closing or opening of S,. 


SECTION 22-2 L/RTIME CONSTANT 
22-4 In Fig. 22-14, 
a. what is the time constant of the circuit with S, 


closed? 


b. what is the eventual steady-state current with S, 

closed? 
c. what is the value of the circuit current at the first 
instant S, is closed? (t=O s) 


d. what is the value of the circuit current exactly one 
time constant after S} is closed? 


e. how long after S is closed will it take before the 
circuit current reaches its steady-state value? 


Figure 22-14 


R=1.5 kQ 


22-5 Repeat Prob. 22-4 if L= 100 mH and R= 500 Q. 


22-6 Calculate the time constant for an inductive circuit with 
the following values: 


a. L=10H,R=1 kQ. 

b. L=500 mH, R=2 kQ. 
c. L=250uH,R=50Q. 
d. L=15mH,R=7.5kQ. 
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22-7 List two ways to 
a. increase the time constant of an inductive circuit. 


b. decrease the time constant of an inductive circuit. 


SECTION 22-3 HIGH VOLTAGE PRODUCED BY 

OPENING AN RL CIRCUIT 

22-8 Assume that the switch, S,,in Fig. 22-14 has been 
closed for more than five L/R time constants. If a 
1-MQ resistor is placed across the terminals of the 
switch, calculate 
a. the approximate time constant of the circuit with S, 

open. 

b. the peak inductor voltage, V,, when S, is opened. 

c. the di/dt value at the instant S, is opened. 


d. how long it takes for the current to decay to zero 
after S, is opened (approximately). 


22-9 Without a resistor across S, in Fig. 22-14, is it 
possible to calculate the time constant of the circuit 
with the switch open? Also, what effect will probably 
occur inside the switch when it is opened? 


SECTION 22-4 RCTIME CONSTANT 


22-10 In Fig. 22-15, what is the time constant of the circuit 
with the switch, S,, in Position 


a. 1? 
b. 2? 


Figure 22-15 


R= 100 kQ 
© s, 


22-11 Assume that the capacitor in Fig. 22-15 is fully 
discharged with S, in Position 2. How much is the 
capacitor voltage, Ve, 


a. exactly one time constant after S} is moved to 
Position 1? 


b. five time constants after S} is moved to Position 1? 


c. one week after S} is moved to Position 1? 
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22-12 Assume that the capacitor in Fig. 22—15 is fully 
charged with S, in Position 1. How much is the 
capacitor voltage, Vo, 


a. exactly one time constant after S} is moved to 
Position 2? 


b. five time constants after S, is moved to Position 2? 


c. one week after S, is moved to Position 2? 


22-13 Calculate the time constant of a capacitive circuit with 
the following values: 


a. R=1MQ,C=1 uF. 
b. R= 150 Q, C= 0.01 uF. 
c. R= 330 kQ, C = 270 pF. 
d. R=5 kQ, C = 40 uF. 


22-14 List two ways to 
a. increase the time constant of a capacitive circuit. 


b. decrease the time constant of a capacitive circuit. 


22-15 Assume that the capacitor in Fig. 22—15 is discharging 
from 50 V with S, in Position 2. At the instant the 
capacitor voltage reaches 25 V, S, is moved back to 
Position 1. What is 


a. the net charging voltage at the first instant S, is put 
back in Position 1? 


b. the value of the capacitor voltage exactly one time 
constant after S, is moved back to Position 1? 


c. the value of the capacitor voltage five time 
constants after S, is moved back to Position 1? 


22-16 Assume that the capacitor in Fig. 22-15 is charging 
from OV with S in Position 1. At the instant the 
capacitor voltage reaches 35 V, S, is moved back to 
Position 2. What is 


a. the value of the capacitor voltage exactly one time 
constant after S, is moved back to Position 2? 


b. the value of the capacitor voltage five time 
constants after S} is moved back to Position 2? 


SECTION 22-5 RCCHARGE AND DISCHARGE 
CURVES 


22-17 Assume that the capacitor in Fig. 22—15 is fully 
discharged with S, in Position 2. What is 


a. the value of the charging current at the first instant 
S, is moved to Position 1? 


b. the value of the charging current five time 
constants after S, is moved to Position 1? 


c. the value of the resistor voltage exactly one time 
constant after S, is moved to Position 1? 


d. the value of the charging current exactly one time 
constant after S, is moved to Position 1? 


22-18 Assume that the capacitor in Fig. 22-15 is fully 
charged to 50 V with S, in Position 1. What is the value 
of the discharge current 


a. at the first instant S, is moved to Position 2? 


b. exactly one time constant after S, is moved to 
Position 2? 


c. five time constants after S} is moved to Position 2? 
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SECTION 22-6 HIGH CURRENT PRODUCED BY 
SHORT-CIRCUITING AN RC CIRCUIT 


22-19 In Fig. 22-16, what is the RC time constant with S, in 
Position 


a. 1? 
b. 2? 


Figure 22-16 


Flashbulb 


22-20 In Fig. 22-16, how long will it take the capacitor 
voltage to 


a. reach 3 V after S, is moved to Position 1? 
b. discharge to O V after S, is moved to Position 2? 


22-21 Assume that the capacitor in Fig. 22-16 is fully 
discharged with S, in Position 2. At the first instant S, 
is moved to Position 1, how much is 


a. the voltage across the capacitor? 
b. the voltage across the resistor? 


c. the initial charging current? 


22-22 Assume that the capacitor in Fig. 22-16 is fully 
charged with S, in Position 1. At the first instant S, is 
moved to Position 2, what is 


a. the DC voltage across the flashbulb? 


b. the initial value of the discharge current? 


c. the initial rate of voltage change, dv/dt? 


22-23 How much energy is stored by the capacitor in Fig. 
22-16 if it is fully charged to 3 V? 


SECTION 22-7 RC\WAVESHAPES 
22-24 For the circuit in Fig. 22-17, 
a. calculate the RC time constant. 


b. draw the capacitor voltage waveform and include 
voltage values at times ty, h, t t, and t. 


c. draw the resistor voltage waveform and include 
voltage values at times ty, h, t, t, and t. 


d. draw the charge and discharge current waveform 
and include current values at times t, t, b, b, 
and t,. 
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Figure 22-17 


Ve 


Ve 


SECTION 22-8 LONG AND SHORT TIME 
CONSTANTS 


22-25 In Fig. 22-17, is the time constant of the circuit 
considered long or short with respect to the pulse 
width of the applied voltage, V}, if the resistance, R, is 


a. increased to 10 kQ? 
b. decreased to 400 Q? 


22-26 For an RC circuit used as a differentiator, 
a. across which component is the output taken? 


b. should the time constant be long or short with 
respect to the pulse width of the applied voltage? 
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22-27 For an RC circuit used as an integrator, 
a. across which component is the output taken? 


b. should the time constant be long or short with 
respect to the pulse width of the applied voltage? 


SECTION 22-9 CHARGE AND DISCHARGE WITHA 
SHORT RCTIME CONSTANT 
22-28 For the circuit in Fig. 22-18, 

a. calculate the RC time constant. 


b. draw the capacitor voltage waveform and include 
voltage values at times b, h, b, t, and t,. 


c. draw the resistor voltage waveform and include 
voltage values at times b, h, b, t, and t,. 


d. specify the ratio of the pulse width of the applied 
voltage to the RC time constant. 


Figure 22-18 


C= 0.01 pF 


Output 


Ve 


Ve 
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SECTION 22-10 LONG TIME CONSTANT FOR AN 
RC COUPLING CIRCUIT 


22-29 Assume that the resistance, R, in Fig. 22-18 is 
increased to 100 kQ but the frequency of the applied 
voltage, V}, remains the same. Determine 


a. the new RC time constant of the circuit. 


b. the ratio of the pulse width of the applied voltage to 
the RC time constant. 


c. the approximate capacitor and resistor voltage 
waveforms, assuming that the input voltage has 
been applied for longer than five RC time 
constants. 


SECTION 22-11 ADVANCED TIME CONSTANT 
ANALYSIS 
22-30 What is the time constant of the circuit in Fig. 22-19? 


Figure 22-19 


R,=1MQ 


22-31 Assume that Cin Fig. 22-19 is completely discharged 
with S, in Position 2. If S, is moved to Position 1, how 
much is the capacitor voltage at the following time 


intervals? 
a. t=Os. 
b. t=O.7s. 
G t=1s. 
d.t=1.5:5; 
e. t=2s. 
f. t=2.5s. 
gG-t=35's: 


22-32 Assume that Cin Fig. 22-19 is fully charged with S, 
in Position 1. If S; is moved to Position 2, how 
much is the resistor voltage at the following time 


intervals? 
a. t=Os. 
b. t=O.7s. 
c. t=1s. 
dt =N S: 
e. t=2s. 
f, t]=25's; 
g. t2355 
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22-33 Assume that Cin Fig. 22-19 is completely discharged 
with S in Position 2. If S, is moved back to Position 1, 
how long will it take for the capacitor voltage to reach 


a. 90 V? 
b. 150V? 
. 200 V? 
d. 240 V? 
e. 270V? 


Q 


22-34 Assume that the capacitor in Fig. 22-19 is discharging 
from 300 V with S, in Position 2. At the instant V- 
reaches 150 V, S, is moved back to Position 1. What is 
the value of the capacitor voltage 1.25 s later? 


22-35 What is the time constant of the circuit in Fig. 22-20? 


Figure 22-20 


R=150 kQ 


22-36 Assume that Cin Fig. 22—20 is completely discharged 
with S in Position 2. If S, is moved back to Position 1, 
how long will it take for the capacitor voltage to reach 


a. 3V? 
b. 6V? 
c. 15V? 
d. 20V? 


22-37 Assume that Cin Fig. 22—20 is completely discharged 
with S, in Position 2. If S, is moved back to Position 1, 
how much is the resistor voltage at the following time 


intervals? 
a. t=Os. 
b. t=4.5 ms. 
c. t=10ms. 
d: t= 15m5 
e. t=25 ms. 


22-38 Assume that C in Fig. 22-20 is fully charged with S, in 
Position 1. If S; is moved to Position 2, how long will it 
take the capacitor to discharge to 


a. 4V? 
b. 8V? 
€ 12V? 
d. 18V? 
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SECTION 22-12 COMPARISON OF REACTANCE 

AND TIME CONSTANT 

22-39 When analyzing a sine-wave AC circuit containing 
resistance and capacitance or resistance and 
inductance, do we use the concepts involving 
reactance or time constants? 


Critical Thinking 


22-42 Refer to Fig. 22-21. (a) If S, is closed long enough for 
the capacitor C to become fully charged, what voltage 
is across C? (b) With C fully charged, how long will it 
take C to discharge fully when S, is opened? 


Figure 22-21 
22-43. 


Circuit for Critical Thinking Probs. 22—42 and 


R,=10 kQ 


22-43 Refer to Fig. 22-21. (a) How long will it take C to fully 
charge after S, is closed? (b) What is V- 1 ms after S, is 


Answers to Self-Reviews 22-1 true 


true 


22-2 0.02s 
0.5 ms 


22-3 shorter 
faster 


22-4 940 us 
470 ns 


22-5 63V 
37V 


22-6 shorter 
faster 


22-7 37V 
23.3V 
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22-40 When analyzing a circuit having a square-wave input 
voltage, should we use the concepts involving 
reactance or time constants? 


22-41 Should an RC coupling circuit have a long or short time 
constant with respect to the period of the AC input 
voltage? 


initially closed? (c) What is V. 415.8 us after S, is 
initially closed? (d) What is V. 1.5 ms after S, is initially 
closed? 


22-44 Refer to Fig. 22-22. Assume that C is allowed to 
charge fully and then the polarity of V, is suddenly 
reversed. What is the capacitor voltage ve for the 


following time intervals after the reversal of V;: (a) Os; 
(b) 6.93 ms; (c) 10 ms; (d) 15 ms; (e) 30 ms? 


Figure 22-22 Circuit for Critical Thinking Prob. 22-44. 


R=100 kQ 


+ 
l 


V =100 V C=0.1 pF 


22-8 short 
long 


22-9 short 
across C 


22-10 long 
across R 


22-11 true 
true 
true 


22-12 small X. 
long time constant 
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Laboratory Application Assignment 


In this lab application assignment, you will examine RC 
differentiators and integrators. In each type of circuit, you will 
measure the resistor and capacitor voltage waveforms and 
draw them in the proper time relation with respect to the input 
voltage applied. For both the differentiator and integrator, pay 
close attention to how the RC time constant relates to the pulse 


time, i 


of the applied voltage. 


Equipment: Obtain the following items from your instructor. 


* Function generator 

* Oscilloscope 

* 10-kQ carbon-film resistor 

e 0.01-uF and 0.1-uF capacitors 
* DMM 


RC Differentiator 


n Fig. 22—23a, calculate and record the RC time constant. 

RE = Is this value long or short with respect to 
the pulse time, t,, of the applied voltage? : 
Calculate and record the t,/RC ratio: ___/___ Will this ratio 
provide proper differentiation? 


Construct the RC differentiator in Fig. 22—23a. Connect channel 1 
of your oscilloscope to the input side of the circuit, and leave it 
there. Set the channel 1 input coupling switch to DC. Next, adjust 
the DC offset, amplitude, and frequency controls of the function 
generator to produce the input waveform shown at the top of 

Fig. 22—23b. Have your instructor verify that the input waveform 
is indeed a O- to +10-V square wave with a frequency of 500 Hz. 


Connect channel 2 of your oscilloscope across the resistor, R, 
which is the output of the differentiator. Set the channel 2 input 
coupling switch to DC. Draw this waveform in Fig. 22—235 in the 


space allocated for V}. Next, use the differential measurement 
capabilities of your oscilloscope to measure the voltage across 
the capacitor, C. Draw this waveform in Fig. 22—23b in the space 
allocated for V.. Be certain that V} and V; are both drawn in 


proper time relation with respect to V,,. Include all voltage 


in 


values for both the V} and V. waveforms. 


Using your DMM, measure and record the DC value of the 


applied voltage, Vin. Vinoo = 
Next, measure and record the DC voltage across R and C. 


ang Fn —_ ago) = 
What’s significant about these DC voltage measurements? 


RC Integrator 


In Fig. 22—24a, calculate and record the RC time constant. RC = 
s this value long or short with respect to the 
pulse time, t, of the applied voltage? . Calculate and 
record the t,/RC ratio: /____ Will this ratio provide 
proper integration? 


Construct the RC integrator in Fig. 22—24a. Connect channel 

1 of your oscilloscope to the input side of the circuit, and leave it 
there. Set the channel 1 input coupling switch to DC. Next, adjust 
the DC offset, amplitude, and frequency controls of the function 


generator to produce the input waveform shown at the top of Fig. 
22—24b. Have your instructor verify that the input waveform is 
indeed a O - to +10-V square wave with a frequency of 5 kHz. 


Connect channel 2 of your oscilloscope across the capacitor, C, 
which is the output of the integrator. Set the channel 2 input 
coupling switch to DC. Draw this waveform in Fig. 22—24b in the 
space allocated for V.. Next, use the differential measurement 


Figure 22-23 


C= 0.01 nF 
+10 V 
Input | ( | | 
V R=10kQ 
t, =1ms 


(a) 


RC and L/R Time Constants 


L 


Output 
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capabilities of your oscilloscope 
the resistor, R. Draw this wavefo 
allocated for V}. Be certain that 
proper time relation with respec 


to measure the voltage across 
rm in Fig. 22—24b in the space 
< and Vp are both drawn in 

t to V,,. Include all voltage 


values for both the V. and V} waveforms. 


Was the capacitor voltage wave 
channel 2 input coupling switch 
Was it nearly a straight line cen 


switch to AC. Reduce the chann 


form difficult to view with the 
set to DE? 


tered around +5 V? 


Move the channel 2 input coupling 


el 2 volts/div. setting until the 


capacitor voltage waveform is recognizable as a triangular 


wave. Explain the displayed waveform. 


Using your DMM, measure and record the DC value of the 
applied voltage, Vn- 

Vnoo = ——__— 

Next, measure and record the DC voltage across R and C. 


Vapo = » Vac) = —— 
What’s significant about these voltage measurements? 


Figure 22-24 


R=10kQ V,= +10 V 
+10 V 
t, = 100 ys 
Input | ( | | Output ov 
ov C= OF 
t, = 100 us 


(a) 


il 


il 


Cumulative Review Summary (Chapters 19-22) 


The ability of a conductor to produce 
an induced voltage across itself when 
the current changes is its self- 
inductance, or inductance. The 
symbol is L, and the unit is the henry. 
One henry allows 1 V to be induced 
when the current changes at the rate 
of 1 A/s. 


The polarity of the induced voltage 
always opposes the change in current 
that is causing the induced voltage. 
This is Lenz’s law. 


Mutual inductance is the ability of 
varying current in one coil to induce 
voltage in another coil nearby, 
without any connection between 
them. Its symbol is Ly, and the unit is 
also the henry. 
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A transformer consists of two or 
more windings with mutual 
inductance. The primary connects to 
the source voltage, the secondary to 
the load. With an iron core, the 
voltage ratio between primary and 
secondary equals the turns ratio. 


The efficiency of a transformer equals 
the ratio of power output from the 
secondary to power input to the 
primary X 100. 


Eddy currents are induced in the iron 
core of an inductance, causing /?R 
osses that increase with higher 
frequencies. Laminated iron, 
powdered-iron, or ferrite cores have 
minimum eddy-current losses. 
Hysteresis also increases the losses. 


Series inductances without mutual 


coupling add like series resistances. 
The combined equivalent inductance 
of parallel connected inductances is 
calculated using the reciprocal 

formula, as with parallel resistances. 


Inductive reactance X, equals 2zfl Q, 
where fis in hertz and Lis in henrys. 
Reactance X, increases with more 
inductance and higher frequencies. 


A common application of X, is an af or 
rf choke, which has high reactance for 
one group of frequencies but less 
reactance for lower frequencies. 


Reactance X, is a phasor quantity 
whose current lags 90° behind its 
induced voltage. In series circuits, 
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Rand X, are added by phasors 
because their voltage drops are 90° 
out of phase. In parallel circuits, the 
resistive and inductive branch 
currents are 90° out of phase. 


e Impedance Z, in ohms, is the total 
opposition of an AC circuit with 
resistance and reactance. For series 


circuits, Z, = y R? + X? and 

l= V,/Z,. For Parallel circuits, 

= Vlg + l and Zeo = Va/ h. 
e The Qofacoil is Xr, 


e Energy stored by an inductance is 
“LI?, where / is in amperes, Lis in 
henrys, and the energy is in joules. 

e The voltage across Lis always equal 


to L(di/dt) for any waveshape of 
current. 


e The transient response of a circuit 
refers to the temporary condition that 
exists until the circuit’s current or 
voltage reaches its steady-state 
value. The transient response of a 
circuit is measured in time constants, 


Cumulative Self-Test 


Answers at the back of the book. 


1. A coil induces 200 mV when the 
current changes at the rate of 1 A/s. 
The inductance Lis (a) 1 mH; 

(b) 2 mH; (c) 200 mH; (d) 100 mH. 


2. Alternating current in an inductance 
produces maximum induced voltage 
when the current has its 
(a) maximum value; (6) maximum 
change in magnetic flux; 

(©) minimum change in magnetic 
flux; (d) rms value of 0.707 X peak. 


3. An iron-core transformer connected 
to a 120-V, 60-Hz power line has a 
turns ratio of 1:20. The voltage 
across the secondary equals 
(a) 20 V; (b) 60 V; (c) 120 V; 

(d) 2400 V. 


4. Two 250-mH chokes in series have a 
total inductance of (a) 60 mH; 
(b) 125 mH; (c) 250 mH; 
(d) 500 mH. 


5. Which of the following will have 
minimum eddy-current losses? 
(a) Solid iron core; (b) laminated iron 
core; (c) powdered-iron core; 
(d) air core. 


Design credit Multisim: ©Stockbyte/Getty Images 
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10. 
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where one time constant is defined as 
the length of time during which a 
63.2% change in current or voltage 
occurs. 


For an inductive circuit, one time 
constant is the time in seconds for 
the current to change by 63.2%. For 
inductive circuits, one time constant 
equals L/R, that is, T = L/R, where L is 
in henrys, Ris in ohms, and Tis in 
seconds. The current reaches its 
steady-state value after five L/R time 
constants have elapsed. 


In a capacitive circuit, one time 
constant is the time in seconds for 
the capacitor voltage to change by 
63.2%. For capacitive circuits, one 
time constant equals RC, that is, 

T= RC, where Ris in ohms, Cis in 
farads, and T is in seconds. The 
capacitor voltage reaches its steady- 
state value after five RC time 
constants have elapsed. 


When the input voltage to an 
inductive or capacitive circuit is 


. Which of the following will have 


maximum inductive reactance? 
(a) 2-H inductance at 60 Hz; 

(b) 2-mH inductance at 60 k > 
(© 5-mH inductance at 60 k 
(d) 5-mH inductance at 100 kHz. 


. A 100-Q Riis in series with 100 Q of 


X. The total impedance Z equals 


(a) 70.7 Q; (b) 100 Q; (o0 141 Q; 
(d) 200 Q. 
. A 100-Q R is in parallel with 100 Q of 


X,. The total impedance Z equals 
(a) 70.7 Q; (b) 100 Q; (c) 141 Q; 
(d) 200 Q. 


. If two waves have the frequency 


of 1000 Hz and one is at the 
maximum value when the other is at 
zero, the phase angle between them 


is (a) O°; (b) 90°; (©) 180°; (d) 360°. 


If an ohmmeter check on a 50-uH 
choke reads 3 Q, the coil is probably 
(a) open; (b) defective; (c) normal; 
(d) partially open. 


.An inductive circuit with L = 100 mH 


and R= 10 kQ has a time constant 
of (a) 1 us; (b) 100 us; (c) 10 us; 
(d) 1000 us. 


12. 


13. 


14. 


15. 


16. 


nonsinusoidal, time constants rather 
than reactances are used to 
determine the circuit’s voltage and 
current values. 


Whether an L/R or RC time constant 
is considered short or long depends 
on its relationship to the pulse width 
of the applied voltage. In general, a 
short time constant is considered one 
that is one-fifth or less the time of the 
pulse width of the applied voltage. 
Conversely, a long time constant is 
generally considered one that is five 
or more times longer than the pulse 
width of the applied voltage. 


To calculate the voltage across a 
capacitor during charge, use curve a 
in Fig. 22-9 or use Formula (22-5). 
To calculate the voltage across a 
resistor during charge, use curve b in 
Fig. 22—9 or Formula (22-3). To 
calculate the voltage across a 
capacitor or resistor during 
discharge, use curve b in Fig. 22-9 

or Formula (22-3). 


x 


A capacitive circuit with R = 1.5 kQ 
and C = 0.01 uF has a time constant 
of (a) 15 us; (b) 1.5 us; (© 150 us; 
(d) 150s. 


With respect to the pulse width 

of the applied voltage, the time 
constant of an RC integrator should 
be (a) short; (b) the same as the 
pulse width of Vy (© long; (d) shorter 
than the pulse width of V}. 


With respect to the pulse width of 
the applied voltage, the time 
constant of an RC differentiator 
should be (a) long; (b) the same as 
the pulse width of Vy; (c) longer than 
the pulse width of V; (d) short. 


The current rating of a transformer is 
usually specified for (a) the primary 
windings only; (b) the secondary 
windings only; (c) both the primary 
and secondary windings; (d) the core 
only. 


The secondary of a transformer is 
connected to a 15-Q resistor. If 
the turns ratio N/N, = 3:1, the 
primary impedance Z, equals 

(a) 135 Q; (b) 45 Q; (0) 5 Q; 

(d) none of these. 
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chapter 


2 


Alternating 
Current Circuits 


his chapter shows how to analyze sine-wave AC circuits that have R, X,, and Xo. 

How do we combine these three types of ohms of opposition, how much current 
flows, and what is the phase angle? These questions are answered for both series and 
parallel circuits. 


The problems are simplified by the fact that in series circuits X, is at 90° and X- is 
at —90°, which are opposite phase angles. Then all of one reactance can be canceled 
by part of the other reactance, resulting in only a single net reactance. 


Similarly, in parallel circuits, /, and /. have opposite phase angles. These phasor 
currents oppose each other and result in a single net reactive line current. 


Finally, the idea of how AC power and DC power can differ because of AC reactance 


is explained. Also, types of AC current meters, including the wattmeter, are 
described. E 


chapter outline 


23-1 AC Circuits with Resistance but No 23-8 Real Power 


Reactance 
23-9 AC Meters 
23-2 Circuits with X, Alone 
23-10 Wattmeters 


23-3 Circuits with X; Alone : 
23-11 Summary of Types of Ohms in AC 


23-4 Opposite Reactances Cancel Circuits 
23-5 Series Reactance and Resistance 23-12 Summary of Types of Phasors in AC 
Circuits 


23-6 Parallel Reactance and Resistance 


23-7 Series-Parallel Reactance and 
Resistance 


After studying this chapter, you should be able to 


m= Explain why opposite reactances in series circuit containing resistance, capacitance, 
cancel. and inductance. 

@ Determine the total impedance and phase m Define the terms real power, apparent power, 
angle of a series circuit containing volt-ampere reactive, and power factor. 


resistance, Capacitance, and inductance. S Caeuieiorne power factor of a circuit. 


m Determine the total current, equivalent 
impedance, and phase angle of a parallel 


apparent power real power volt-ampere reactive (VAR) 
double-subscript notation volt-ampere (VA) wattmeter 
power factor (PF) 
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GOOD TO KNOW 


In a resistor, V and / are always in 


phase. 


23-1 AC Circuits with Resistance 
but No Reactance 


Combinations of series and parallel resistances are shown in Fig. 23-1. In 
Fig. 23-la and b, all voltages and currents throughout the resistive circuit are in 
phase. There is no reactance to cause a lead or lag in either current or voltage. 


Series Resistances 


For the circuit in Fig. 23—1a, with two 50-Q resistances in series across the 100-V 
source, the calculations are as follows: 


R,=R,+ R, =50 +50 = 100 
= Vr 100. 
=R 100 
V, =1R,=1x50=S50V 
V, = IR, = 1 x 50 = 50 V 
Note that the series resistances R, and R, serve as a voltage divider, as in DC cir- 
cuits. Fach R has one-half the applied voltage for one-half the total series 
resistance. 
The voltage drops V, and V, are both in phase with the series current /, which is 


the common reference. Also, / is in phase with the applied voltage V, because there 
is no reactance. 


Parallel Resistances 


For the circuit in Fig. 23—1b, with two 50-Q resistances in parallel across the 100-V 
source, the calculations are 


R, 50 
Va _ 100 _ 


I,=1,+h=2+2=4A 


With a total current of 4 A in the main line from the 100-V source, the combined 
parallel resistance is 25 Q. This Rọ equals 100 V/4 A for the two 50-Q 
branches. 

Each branch current has the same phase as that of the applied voltage. Voltage 
V, is the reference because it is common to both branches. 


Figure 23-1 Alternating current circuits with resistance but no reactance. (a) Resistances R, and R, in series. (b) Resistances 


R, and R, in parallel. 


714 


A 
1b=2A 
v 


R =50Q 


(b) 
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GOOD TO KNOW 


For series inductors, the voltage 
drops can be added algebraically, 
since each voltage drop has the 
same phase relationship with 


respect to the series current. 


Alternating Current Circuits 


E 23-1 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 23-1a, what is the phase angle between V, and J? 
b. In Fig. 23-15, what is the phase angle between J, and V,? 


23-2 Circuits with X, Alone 


The circuits with X, in Figs. 23-2 and 23-3 correspond to the series and parallel 
circuits in Fig. 23-1, with ohms of X, equal to R values. Since the applied voltage is 
the same, the values of current correspond because ohms of X, are just as effective 
as ohms of R in limiting the current or producing a voltage drop. 

Although X, is a phasor quantity with a 90° phase angle, all ohms of opposition 
are the same kind of reactance in this example. Therefore, without any R or Xo, the 
series ohms of X, can be combined directly. Similarly, the parallel 7, currents can be 
added. 


Xı Values in Series 
For Fig. 23-2a, the calculations are 


X, =X, +X,,=50+50= 1009 
jede jA 


Xa 1007 
V, =1X,=1x50=50V 
V,=1X,=1x50=50V 


Note that the two series voltage drops of 50 V each add to equal the total applied 
voltage of 100 V. 


Figure 23-2 Series circuit with X, alone. (a) Schematic diagram. (b) Phasor diagram of 
voltages and series current. 


V;= 100 V 


Vior V,=50V 


Figure 23-3 Parallel circuit with X, alone. (a) Schematic diagram. (b) Phasor diagram of 
branch and total line currents and applied voltage. 


(a) (b) 
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GOOD TO KNOW 


For parallel inductors, the branch 
currents can be added 
algebraically since each branch 
current has the same phase 
relationship with respect to the 


applied voltage. 


GOOD TO KNOW 


For series capacitors, the voltage 
drops can be added algebraically 

to find V}. Similarly, with parallel 

capacitors the branch currents 


can be added to find h4. 
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With regard to the phase angle for the inductive reactance, the voltage across 
any X, always leads the current through it by 90°. In Fig. 23-25, I is the reference 
phasor because it is common to all series components. Therefore, the voltage pha- 
sors for V, and V, across either reactance, or V} across both reactances, are shown 
leading J by 90°. 


I, Values in Parallel 


For 23-3a, the calculations are 


Va _ 100 _ 


_ Va _ 100 _ 


I,=1,+L=2+2=4A 


These two branch currents can be added because both have the same phase. This 
angle is 90° lagging the voltage reference phasor, as shown in Fig. 23-3. 

Since the voltage V, is common to the branches, this voltage is across X,, and 
X, Therefore, V, is the reference phasor for parallel circuits. 

‘Note that there is no fundamental change between Fig. 23-2, which shows each 
X, voltage leading its current by 90°, and Fig. 23—3b, showing each X, current lag- 
ging its voltage by —90°. The phase angle between the inductive current and voltage 
is still the same 90°. 


E 23-2 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 23-2, what is the phase angle of V, with respect to I? 
b. In Fig. 23-3, what is the phase angle of Z, with respect to V,? 


23-3 Circuits with X, Alone 


Again, reactances are shown in Figs. 23-4 and 23-5 but with X, values of 50 Q. 
Since there is no R or X,, the series ohms of X, can be combined directly. Also, the 
parallel Zo currents can be added. 


Xc Values in Series 


For Fig. 23—4a, the calculations for V, and V, are the same as before. These two 
series voltage drops of 50 V each add to equal the total applied voltage. 

With regard to the phase angle for the capacitive reactance, the voltage across 
any Xo always lags its capacitive charge and discharge current J by 90°. For the 


Figure 23-4 Series circuit with X< alone. (a) Schematic diagram. (b) Phasor diagram of 
voltages and series current. 
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Figure 23-5 Parallel circuit with X- alone. (a) Schematic diagram. (b) Phasor diagram of 
branch and total line currents and applied voltage. 


L=4A 


horh=2A 


V, = 100 V 


(a) (b) 


series circuit in Fig. 23-4, I is the reference phasor. The capacitive current leads by 
90°, or we can say that each voltage lags 7 by —90°. 


I. Values in Parallel 


For Fig. 23-5, V, is the reference phasor. The calculations for 7, and J, are the same 
as before. However, now each of the capacitive branch currents or the J, leads V, by 
90°. 


E 23-3 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 23-4, what is the phase angle of V, with respect to J? 
b. In Fig. 23-5, what is the phase angle of Z, with respect to V,? 


23-4 Opposite Reactances Cancel 


In a circuit with both X, and Xo, the opposite phase angles enable one to offset the 
effect of the other. For X, and Xc in series, the net reactance is the difference between 
the two series reactances, resulting in less reactance than in either one. In parallel 
circuits, the net reactive current is the difference between the /, and J, branch cur- 
rents, resulting in less total line current than in either branch current. 


X, and X- in Series 


For the example in Fig. 23-6, the series combination of a 60-Q X, and a 40-Q X, in 
Fig. 23-6a and b is equivalent to the net reactance of the 20-Q X, shown in 


Figure 23-6 When X, and X; are in series, their ohms of reactance subtract. (a) Series circuit with 60-Q X, and 40-Q X.. 
(b) Phasor diagram. (c) Equivalent circuit with net value of 20 Q of X, for the total reactance. 
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Net X, = 
202 


(b) (c) 
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GOOD TO KNOW 


For X, and X_ in parallel, the 
equivalent impedance, Z,q, can be 


calculated as Zo = where 


i Xe 
X 
X represents the difference 


between X, and Xo. 


Fig. 23—6c. Then, with 20 Q as the net reactance across the 120-V source, the cur- 
rent is 6 A. This current lags the applied voltage V, by 90° because the net reactance 
is inductive. 

For the two series reactances in Fig. 23—6a, the current is the same through both 
X, and Xo. Therefore, the voltage drops can be calculated as 


V, or IX, =6 A x 60 Q =360V 
V. or IX. = 6 A x 40 Q = 240 V 


Note that each individual reactive voltage drop can be more than the applied volt- 
age. The phasor sum of the series voltage drops still is 120 V, however, equal to the 
applied voltage because the /X, and /X;, voltages are opposite. The /X, voltage leads 
the series current by 90°; the /X,. voltage lags the same current by 90°. Therefore, 
IX, and IX, are 180° out of phase with each other, which means that they are of 
opposite polarity and offset each other. Then the total voltage across the two in 
series is 360 V minus 240 V, which equals the applied voltage of 120 V. 

If the values in Fig. 23-6 were reversed, with an Xo of 60 Q and an X, of 40 Q, 
the net reactance would be a 20-Q Xo. The current would be 6 A again but with a 
lagging phase angle of —90° for the capacitive voltage. The IX, voltage would then 
be greater at 360 V than an IX, value of 240 V, but the difference would still equal 
the applied voltage of 120 V. 


X, and X in Parallel 


In Fig. 23-7, the 60-Q X, and 40-Q X, are in parallel across the 120-V source. Then 
the 60-Q X, branch current J, is 2 A, and the 40-Q Xo branch current J. is 3 A. The 
Xc branch has more current because its reactance is less than X,. 

In terms of phase angle, /, lags the parallel voltage V, by 90°, and J, leads the 
same voltage by 90°. Therefore, the opposite reactive branch currents are 180° out 
of phase with each other. The net line current then is the difference between 3 A for 
[and 2 A for [,, which equals the net value of 1 A. This resultant current leads V, 
by 90° because it is capacitive current. 

If the values in Fig. 23-7 were reversed, with an X,. of 60 Q and an X, of 40 Q, 
I, would be larger. The 7, would then equal 3 A, with an J, of 2 A. The net line cur- 
rent would be | A again but inductive with a net [,. 


E 23-4 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 23-6, how much is the net X,? 
b. In Fig. 23-7, how much is the net [,.? 


Figure 23-7 When X, and X; are in parallel, their branch currents subtract. (a) Parallel circuit with 3-A /. and 2-A /,. (b) Phasor 
diagram. (c) Equivalent circuit with net value of 1 A of |. for the total line current. 
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k= 
Ar- -> 
eit 3A ‘Net Ic=1A 
v 
Xc= Net I Va= 
40 Q ber 120 V Nels 
or 
l= 
2A 
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Figure 23-8 Impedance 


Z, of series circuit with resistance and 
reactance. (a) Circuit with R, X, and Xe in 
series. (b) Equivalent circuit with one net 
reactance. (c) Phasor diagram. The voltage 
triangle of phasors is equivalent to an 
impedance triangle for series circuits. 


X_ =302 
IX. = 60V 
=V: 


Z =50Q 
IZ = V+=100 V 


(c) 


GOOD TO KNOW 


For a series RLC circuit, Z} can be 
less than either X, or Xc alone. 
This is possible because X, and Xe 
are 180° out of phase, thus 
producing a cancellation of some 


portion of reactance. 
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23-5 Series Reactance and Resistance 


In the case of series reactance and resistance, the resistive and reactive effects must 
be combined by phasors. For series circuits, the ohms of opposition are added to 
find Z,. First add all the series resistances for one total R. Also, combine all series 
reactances, adding all X,s and all X:s and finding the net X by subtraction. The result 
is one net reactance. It may be either capacitive or inductive, depending on which 
kind of reactance is larger. Then the total R and net X can be added by phasors to 
find the total ohms of opposition in the entire series circuit. 


Magnitude of Z, 


After the total R and net reactance X are found, they can be combined by the 
formula 


Z = VR +X? (23-1) 


The circuit’s total impedance Z, is the phasor sum of the series resistance and reac- 
tance. Whether the net X is at +90° for X, or —90° for Xo does not matter in calculat- 
ing the magnitude of Z}. 

An example is illustrated in Fig. 23-8. Here the net series reactance in 
Fig. 23-8b is a 30-Q X,. This value is equal to a 60-Q X, subtracted from a 90-Q 
Xo as shown in Fig. 23—8a. The net 30-Q Xo in Fig. 23-8) is in series with a 40-Q 
R. Therefore, 


Z, = VR + X? = (40) + 30) = V1600 + 900 
= V2500 
= 502 


l= V/Z 


The current is 100 V/50 Q in this example, or 2 A. This value is the magnitude 
without considering the phase angle. 


Series Voltage Drops 


All series components have the same 2-A current. Therefore, the individual drops in 
Fig. 23-84 are 


V, = IR =2 x 40 = 80 V 
Vo = IX; = 2 X 90 = 180 V 
V, = IX, = 2 x 60 = 120 V 


Since IX, and /X, are voltages of opposite polarity, the net reactive voltage is 
180 V minus 120 V, which equals 60 V. The phasor sum of IR at 80 V and the net 
reactive voltage IX of 60 V equals the applied voltage V} of 100 V. 


Angle of Z, 


The impedance angle of the series circuit is the angle whose tangent equals X/R. 
This angle is negative for X, but positive for X,. 

In this example, X is the net reactance of 30 Q for Xo and R is 40 Q. Then 
tan 0, = —0.75, and 6, is —37°, approximately. 

The negative angle for Z indicates a net capacitive reactance for the series 
circuit. If the values of X, and Xo were reversed, 0, would be +37°, instead 
of —37° because of the net X,. However, the magnitude of Z would still be the 
same. 
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Example 23-1 


A 27-Q R is in series with 54 Q of X, and 27 Q of Xc. The applied voltage Vz is 
50 mV. Calculate Z, J, and 6}. 
ANSWER The net X, is 27 Q. Then 


Zp = VR? +X? = V27} + (277 
= V29 + 729 = V1458 


= 38.18 Q 

f= Vr — 50 mV 

Z, 38.18 Q 
= 1.31 mA 
tan 0, = XIR = 318 

=1 

0, = arctan (1) 
= 45° 


In general, when the series resistance and reactance are equal, Z, is 1.414 times 
either value. Here, Z, is 1.414 x 27 = 38.18 Q. Also, tan 0 must be 1 and the angle 
is 45° for equal sides in a right triangle. To find Z, on a calculator, see the proce- 
dure described on page 645 for the square root of the sum of two squares. 


More Series Components 


Figure 23-9 shows how to combine any number of series resistances and reac- 
tances. Here the total series R of 40 Q is the sum of 30 Q for R, and 10 Q for R,. Note 
that the order of connection does not matter, since the current is the same in all 
series components. 

The total series Xo is 90 Q, equal to the sum of 70 Q for X,, and 20 Q for Xe, 
Similarly, the total series X, is 60 Q. This value is equal to the sum of 30 Q for X,, 
and 30 Q for X, 

The net reactance X equals 30 Q, which is 90 Q of Xc minus 60 Q of X,. Since Xe 
is larger than X,, the net reactance is capacitive. The circuit in Fig. 23-9 is equiva- 
lent to Fig. 23-8, therefore, since a 40-Q R is in series with a net X, of 30 Q. 


Figure 23-9 Series circuit with more components than Fig. 23-8 but the same Z,, /, and 6,. 


A B 


R =30Q2 X.,=70Q 


Ry =102 
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Double-Subscript Notation 


This method for specifying AC and DC voltages is useful to indicate the polarity or 
phase. For instance, in Fig. 23-9 the voltage across R, can be taken as either V,,,, or 
Væ With opposite subscripts, these two voltages are 180° out of phase. In using 
double subscripts, note that the first letter in the subscript is the point of measure- 
ment with respect to the second letter. 


E 23-5 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 23-8, how much is the net reactance? 
. In Fig. 23-9, how much is the net reactance? 
c. In Fig. 23-9, give the phase difference between V,, and Vj¢. 


23-6 Parallel Reactance and Resistance 


In parallel circuits, the branch currents for resistance and reactance are added by 
phasors. Then the total line current is found by the formula 


I= VR+# (23-2) 


Calculating 4 


As an example, Fig. 23—10a, shows a circuit with three branches. Since the voltage 
across all the parallel branches is the applied 100 V, the individual branch currents 


are 
i $ TON HAA 
a ae 


Figure 23-10 Total line current /, of parallel circuit with resistance and reactance. 
(a) Parallel branches with /p, lc, and /,. (b) Equivalent circuit with net ly. (CQ) Phasor diagram. 


(a) 


RESA Va phase I=4A 


Net X, = 
33⁄2 Q 


(b) (c) 
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GOOD TO KNOW 


For a parallel RLC circuit, /; can be 
less than either /, or lę alone. The 
reason is that /, and /. are 180° 
out of phase, thus producing a 
cancellation of some portion of 


reactive branch current. 
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The net reactive branch current J, is 3 A, then, equal to the difference between the 
4-A I and the 1-A K, as shown in Fig. 23—10b. 
The next step is to calculate /, as the phasor sum of J} and Zx. Then 


L= vV} + 2 = VP +3 = v16 +9 = v25 
=5A 


The phasor diagram for /, is shown in Fig. 23-10c. 


Zza = Vall; 


This gives the total impedance of a parallel circuit. In this example, Zgo is 100 V/5 A, 
which equals 20 Q. This value is the equivalent impedance of all three branches in 
parallel across the source. 


Phase Angle 


The phase angle of the parallel circuit is found from the branch currents. Now @ is 
the angle whose tangent equals I, /Tp. 

For this example, Zy is the net inductive current of 3-A [,. Also, J, is 4 A. These 
phasors are shown in Fig. 23-10c. Then @ is a negative angle with a tangent of 
—0.75. This phase angle is approximately —37°. 

The negative angle for /, indicates lagging inductive current. The value of —37° 
is the phase angle of 7, with respect to the voltage reference V,. 

When Z,, is calculated as V,/J; for a parallel circuit, the phase angle is the same 
value as for J, but with opposite sign. In this example, Z,, is 20 Q with a phase angle 
of +37°, for an J, of 5 A with an angle of —37°. We can consider that Z,, has 
the phase angle of the voltage source with respect to /,. 


Example 23-2 


The following branch currents are supplied from a 50-mV source: J, = 1.8 mA; 
l, = 2.8 mA; Ic = 1 mA. Calculate Jr, Zz, and 0). 
ANSWER The net J, is 1.8 mA. Then 
I, = Vi. +B = V0.8) + 1.8" 
= V3.24 + 3.24 = v6.48 


= 2.55mA 
z = Va 50mV 
FQ y 2.55 mA 
= 19.612 
- tb. 18mA 
tanasg ml 
=-1 
6, = arctan (1) 
= —45° 


Note that with equal branch currents, Zp is 1.414 x 1.8 = 2.55 mA. Also, the 
phase angle 0, is negative for inductive branch current. 
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Figure 23-11 Parallel AC circuit with more components than Fig. 23-10 but the same values of h, Zea» and 0. 
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More Parallel Branches 


Figure 23—11 shows how any number of parallel resistances and reactances can be 
combined. The total resistive branch current J} of 4 A is the sum of 2 A each for the 
R, branch and the R, branch. Note that the order of connection does not matter, since 
the parallel branch currents add in the main line. Effectively, two 50-Q resistances 
in parallel are equivalent to one 25-Q resistance. 

Similarly, the total inductive branch current /, is 4 A, equal to 3 A for /,, and 
1 A for [,,. Also, the total capacitive branch current J. is 1 A, equal to “% A each for 
I, and Tes 

The net reactive branch current J, is 3 A, then, equal to a 4-A J, minus a 1-A Io- 
Since J, is larger, the net current is inductive. 

Therefore, the circuit in Fig. 23—11 is equivalent to the circuit in Fig. 23—10. Both 
have a 4-A resistive current J, and a 3-A net reactive current 7%. These values added 
by phasors make a total of 5 A for J, in the main line. 


E 23-6 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 23-10, what is the net reactive branch current? 
b. In Fig. 23-11, what is the net reactive branch current? 


23-7 Series-Parallel Reactance 
and Resistance 


Figure 23-12 shows how a series-parallel circuit can be reduced to a series circuit 
with just one reactance and one resistance. The method is straightforward as long as 
resistance and reactance are not combined in one parallel bank or series string. 

Working backward toward the generator from the outside branch in Fig. 23—12a, 
we have an X,, and an X, of 100 Q each in series, which total 200 Q. This string in 
Fig. 23-12a is equivalent to X, in Fig. 23—-12b. 

In the other branch, the net reactance of X,, and Xo is equal to 600 Q minus 
400 Q. This is equivalent to the 200 Q of X,, in Fig. 23-12b. The X,, and X,, of 
200 Q each in parallel are combined for an X, of 100 Q. 

In Fig. 23—12c, the 100-Q X, is in series with the 100-Q R, ,. This value is for R, 
and R, in parallel. 

The triangle diagram for the equivalent circuit in Fig. 23—12d shows the total 
impedance Z of 141 Q for a 100-Q R in series with a 100-Q X,. 

With a 141-Q impedance across the applied V, of 100 V, the current in the gen- 
erator is 0.7 A. The phase angle @ is 45° for this circuit.* 


* More complicated AC circuits with series-parallel impedances are analyzed with complex numbers, as explained 
in Chapter 24. 
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Figure 23-12 Reducing an AC series-parallel circuit with R, X,,and X; to a series circuit 
with one net resistance and one net reactance. (a) Actual circuit. (b) Simplified 
arrangement. (c) Equivalent series circuit. (d) Impedance triangle with phase angle. 


R, = 2002 
R,2=100Q 


9 2 
200 


(b) 


R,2=1009 


v= 
100 V 


X. = 100 Q 


E 23-7 Self-Review 

Answers at the end of the chapter. 
Refer to Fig. 23-12. 

How much is X, + X,,? 

How much is X, — Xo? 

c. How much is X, in parallel with X,? 


zp 


23-8 Real Power 


In an AC circuit with reactance, the current J supplied by the generator either leads 
or lags the generator voltage V. Then the product VZ is not the real power produced 
by the generator, since the instantaneous voltage may have a high value while at the 
same time the current is near zero, or vice versa. The real power, in watts, however, 
can always be calculated as PR, where R is the total resistive component of the cir- 
cuit, because current and voltage are in phase in a resistance. To find the corre- 
sponding value of power as VZ, this product must be multiplied by the cosine of the 
phase angle 0. Then 


Real power = P = PR (23-3) 
or 
Real power = P = VI cos 0 (23-4) 


where V and / are in rms values, and P, the real power, is in watts. Multiplying VI by 


the cosine of the phase angle provides the resistive component for real power equal 
to PR. 
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GOOD TO KNOW 


The formulas for power factor 
really tell us what fraction of Z+ 


or |, is resistive. 


Alternating Current Circuits 


Figure 23-13 Real power, P, in a series circuit. (a) Schematic diagram. (b) Impedance 
triangle with phase angle. 


PR=400W 


X= 
173 
P=0W 


X, = 173.2 


VI cos 0 = 400 W 


(a) (b) 


For example, the AC circuit in Fig. 23-13 has 2 A through a 100-© R in series 
with the X, of 173 Q. Therefore, 


P = PR = 4 x 100 = 400 W 


Furthermore, in this circuit, the phase angle is 60° with a cosine of 0.5. The applied 
voltage is 400 V. Therefore, 


P = VI cos 0 = 400 x 2 x 0.5 = 400 W 


In both examples, the real power is the same 400 W because this is the amount of 
power supplied by the generator and dissipated in the resistance. Either formula can 
be used for calculating the real power, depending on which is more convenient. 

Real power, sometimes referred to as true power, can be considered resistive 
power that is dissipated as heat. A reactance does not dissipate power but stores 
energy in an electric or magnetic field. 


Power Factor 


Because it indicates the resistive component, cos 0 is the power factor of the circuit, 
converting the V/ product to real power. The power factor formulas are 


For series circuits: 


Power factor = PF = cos 0 = (23-5) 
For parallel circuits: 
T 
Power factor = cos 0 = T (23-6) 
T 


In Fig. 23-13, as an example of a series circuit, we use R and Z for the 
calculations: 


PF =cos0 = = 08 =05 


200 Q 
For the parallel circuit in Fig. 23-10, we use the resistive current J, and the Zy 
-co9-R-4A_ 
PLS E am 


The power factor is not an angular measure but a numerical ratio with a value 
between 0 and 1, equal to the cosine of the phase angle. 

With all resistance and zero reactance, R and Z are the same for a series circuit, 
or J, and A are the same for a parallel circuit, and the ratio is 1. Therefore, unity 
power factor means a resistive circuit. At the opposite extreme, all reactance with 
zero resistance makes the power factor zero, which means that the circuit is all reac- 
tive. The power factor is frequently given in percent so that unity power factor is 
100%. To convert from decimal PF to percent PF, just multiply by 100. 


725 


GOOD TO KNOW 


The apparent power is the power 
that is “apparently” used by the 
circuit before the phase angle 


between V and / is considered. 


GOOD TO KNOW 


Apparent power 
(VA) (VARs) 


Real power 
(W) 


The power triangle shows the 
phase relationship between 
apparent power, real power, and 


reactive power. 
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Reactive power 


Apparent Power 


When V and / are out of phase because of reactance, the product of V x 7 is called 
apparent power. The unit is volt-amperes (VA) instead of watts, since the watt is 
reserved for real power. 

For the example in Fig. 23—13, with 400 V and the 2-A J, 60° out of phase, the 
apparent power is VI, or 400 x 2 = 800 VA. Note that apparent power is the VI 
product alone, without considering the power factor cos 0. 

The power factor can be calculated as the ratio of real power to apparent power 
because this ratio equals cos 0. As an example, in Fig. 23-13, the real power is 
400 W, and the apparent power is 800 VA. The ratio of ®%o, then, is 0.5 for the 
power factor, the same as cos 60°. 


The VAR 


This is an abbreviation for volt-ampere reactive. Specifically, VARs are volt- 
amperes at the angle of 90°. VAR is also known as reactive power. 

In general, for any phase angle 0 between V and Z, multiplying VI by sin 0 gives 
the vertical component at 90° for the value of the VARs. In Fig. 23-13, the value of 
VI sin 60° is 800 x 0.866 = 692.8 VAR. 

Note that the factor sin 0 for the VARs gives the vertical or reactive component 
of the apparent power VI. However, multiplying VI by cos @ as the power factor 
gives the horizontal or resistive component of the real power. 


Correcting the Power Factor 


In commercial use, the power factor should be close to unity for efficient distribu- 
tion of electric power. However, the inductive load of motors may result in a power 
factor of 0.7, as an example, for the phase angle of 45°. To correct for this lagging 
inductive component of the current in the main line, a capacitor can be connected 
across the line to draw leading current from the source. To bring the power factor up 
to 1.0, that is, unity PF, the value of capacitance is calculated to take the same 
amount of volt-amperes as the VARs of the load. 


E 23-8 Self-Review 

Answers at the end of the chapter. 
What is the unit of real power? 
What is the unit of apparent power? 
c. Is PR real or apparent power? 


SP 


23-9 AC Meters 


The D’Arsonval moving-coil type of meter movement will not read if it is used in an 
AC circuit because the AC wave changes polarity too rapidly. Since the two oppo- 
site polarities cancel, an alternating current cannot deflect the meter movement 
either up-scale or down-scale. An AC meter must produce deflection of the meter 
pointer up-scale regardless of polarity. This deflection is accomplished by one of the 
following three methods for nonelectronic AC meters. 


1. Thermal type. In this method, the heating effect of the current, which 
is independent of polarity, is used to provide meter deflection. Two 
examples are the thermocouple type and hot-wire meter. 

2. Electromagnetic type. In this method, the relative magnetic polarity is 
maintained constant although the current reverses. Examples are the iron- 
vane meter, dynamometer, and wattmeter. 
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Figure 23-14 Schematic of voltage 


and current coils of an analog wattmeter. 


Pointer 


Ru Vv 


terminals 


terminals 


GOOD TO KNOW 


Four circuit connections are 
needed when using the 


wattmeter in Fig. 23-14. 
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3. Rectifier type. The rectifier changes the AC input to DC output for the 
meter, which is usually a D’Arsonval movement. This type is the most 
common for AC voltmeters generally used for audio and radio 
frequencies. 


All analog AC meters (meters with scales and pointers) have scales calibrated in 
rms values, unless noted otherwise on the meter. 

A thermocouple consists of two dissimilar metals joined together at one end but 
open at the opposite side. Heat at the short-circuited junction produces a small DC 
voltage across the open ends, which are connected to a DC meter movement. In the 
hot-wire meter, current heats a wire to make it expand, and this motion is converted 
into meter deflection. Both types are used as AC meters for radio frequencies. 

The iron-vane meter and dynamometer have very low sensitivity compared with 
a D’Arsonval movement. They are used in power circuits for either direct current or 
60-Hz alternating current. 


E 23-9 Self-Review 


Answers at the end of the chapter. 


a. The iron-vane meter can read alternating current. (True/False) 
b. The D’Arsonval meter movement works with direct current only. 
(True/False) 


23-10 Wattmeters 


The wattmeter uses fixed coils to measure current in a circuit, and the movable coil 
measures voltage (Fig. 23—14). The deflection, then, is proportional to power. Either 
DC power or real AC power can be read directly by the wattmeter. 

In Fig. 23-14, the coils L, and L, in series are heavy stationary coils serving as 
an ammeter to measure current. The two / terminals are connected in one side of the 
line in series with the load. The movable coil Ly and its multiplier resistance R,, are 
used as a voltmeter with the V terminals connected across the line in parallel with 
the load. Then, the current in the fixed coils is proportional to /, and the current in 
the movable coil is proportional to V. As a result, the deflection is proportional to V 
and I. 

Furthermore, it is the VI product for each instant that produces deflection. For 
instance, if the V value is high when the Z value is low for a phase angle close to 90°, 
there will be little deflection. The meter deflection is proportional to the watts of 
real power, therefore, regardless of the power factor in AC circuits. The wattmeter is 
commonly used to measure power from the 60-Hz power line. For radio frequen- 
cies, however, power is generally measured in terms of heat transfer. 


E 23-10 Self-Review 


Answers at the end of the chapter. 


a. Does a wattmeter measure real or apparent power? 
b. In Fig. 23-14, does the movable coil of a wattmeter measure V or I? 


23-11 Summary of Types of Ohms 
in AC Circuits 


The differences in R, X,, Xo and Z are listed in Table 23-1, but the following 
general features should also be noted. Ohms of opposition limit the amount of 
current in DC circuits or AC circuits. Resistance R is the same for either case. 
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Table 23-1 Types of Ohms in AC Circuits 


Definition 


Effect of 
frequency 


Phase angle 
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Resistance 


R,Q 


In-phase 

opposition to 
alternating or 
direct current 


Same for all 
frequencies 


0° 


Inductive Capacitive 

Reactance X, Q Reactance X,, Q Impedance Z, Q 

90° leading 90° lagging Combination of 
opposition to opposition to resistance and 
alternating alternating reactance 

current current Zr = VRET 
Increases with Decreases at X, component increases, 
higher higher frequencies but X_ decreases at 
frequencies higher frequencies 

I, lags V, by 90° |. leads V, by 90° tan 0,=+X/R in series, 


tan 6,=+!,//, in parallel 


However, AC circuits can have ohms of reactance because of the variations in alter- 
nating current or voltage. Reactance X, is the reactance of an inductance with sine- 
wave changes in current. Reactance X; is the reactance of a capacitor with sine-wave 
changes in voltage. 

Both X, and Xo are measured in ohms, like R, but reactance has a 90° phase 
angle, whereas the phase angle for resistance is 0°. A circuit with steady direct cur- 
rent cannot have any reactance. 

Ohms of X, or Xc are opposite because X, has a phase angle of +90° and Xo 
has an angle of —90°. Any individual X, or Xe always has a phase angle that is 
exactly 90°. 

Ohms of impedance Z result from the phasor combination of resistance and reac- 
tance. In fact, Z can be considered the general form of any ohms of opposition in AC 
circuits. 

Impedance can have any phase angle, depending on the relative amounts of 
R and X. When Z consists mostly of R with little reactance, the phase angle of Z 
is close to 0°. With R and X equal, the phase angle of Zis 45°. Whether the angle 
is positive or negative depends on whether the net reactance is inductive or 
capacitive. When Z consists mainly of X with little R, the phase angle of Z is 
close to 90°. 

The phase angle is 0, for Z or V, with respect to the common / in a series circuit. 
With parallel branch currents, 6, is for Z, in the main line with respect to the common 
voltage. 


E 23-11 Self-Review 


Answers at the end of the chapter. 


a. Which of the following does not change with frequency: Z, X,, Xos 
or R? 

b. Which has lagging current: R, X,, or X.? 

c. Which has leading current: R, X,, or Xo? 


23-12 Summary of Types of Phasors 
in AC Circuits 


Phasors for ohms, volts, and amperes are shown in Fig. 23-15. Note the similarities 
and differences. 
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Figure 23-15 Summary of phasor relations in AC circuits. (a) Series Rand X,. (b) Series R and X-. (©) Parallel branches with /, and Ie. 


(d) Parallel branches with /, and /,. 


Alternating Current Circuits 


(c) 


Rand Vp R 
Zr x, Z Xc 
R Vk =IR 
Vr v Vy Ve 
VR = IR 
(b) 
i 
Ic I, 

Tp or Va 


(d) 


Series Components 


In series circuits, ohms and voltage drops have similar phasors. The reason is the 
common J for all series components. Therefore, 


Vg or IR has the same phase as R. 
V, or IX, has the same phase as X,. 
Vo or IX, has the same phase as Xo. 


Resistance 


The R, Vp, and J, always have the same phase angle because there is no phase shift 
in a resistance. This applies to R in either a series or a parallel circuit. 


Reactance 


Reactances X, and Xo are 90° phasors in opposite directions. The X, or V, has an 
angle of +90° with an upward phasor, and the X, or Vo has an angle of —90° with a 
downward phasor. 


Reactive Branch Currents 


The phasor of a parallel branch current is opposite from its reactance. Therefore, J, 
is upward at +90°, opposite from X, downward at —90°. Also, 7, is downward at 
—90°, opposite from X, upward at +90°. 

In short, J, and J, are opposite each other, and both are opposite from their cor- 
responding reactances. 
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Figure 23-16 Positive and negative values of @ as the phase angle for an AC circuit. 
(a) Positive @ with / leading V. (b) Negative 8 with / lagging V. 


Iof 
source 
+= 
\ leading J 

y Reference axis V of source 


V of source 


} -0 = 
lagging I 


Iof 
source 


Angle 0, 


The phasor resultant for ohms of reactance and resistance is Z. The phase angle 0 for 
Z can be any angle between 0° and 90°. In a series circuit, 6, for Z is the same as 0 
for Vr with respect to the common current J. 


Angle 0, 


The phasor resultant of branch currents is the total line current 7}. The phase angle 
of J, can be any angle between 0° and 90°. In a parallel circuit, 0, is the angle of Z, 
with respect to the applied voltage V,. 

Such phasor combinations are necessary in sine-wave AC circuits to take into 
account the effect of reactance. Phasors can be analyzed either graphically, as in 
Fig. 23-15, or by the shorter technique of complex numbers, with a j operator that 
corresponds to the 90° phasor. Complex numbers are explained in the next chapter. 


Circuit Phase Angle 0 


The phase angle for all types of sine-wave AC circuits is usually considered the 
angle between the current / from the source and its applied voltage as the reference. 
This angle can be labeled 0, without any subscript. No special identification is 
necessary because @ is the phase angle of the circuit. Then there are only the two 
possibilities, as shown in Fig. 23—16. In Fig. 23—16a, the 0 is a counterclockwise 
angle for a positive value, which means that J leads V. The leading /is in a circuit 
with series X, or with J, in a parallel branch. In Fig. 23—16b, the phase angle is 
clockwise for —@, which means that J lags V. The lagging J is produced in a circuit 
with series X, or with J, in a parallel branch. 

Note that, in general, 0 is the same as 0, in parallel branch currents. However, 
0 has a sign opposite from @, with series reactances. 


E 23-12 Self-Review 


Answers at the end of the chapter. 


a. Of the following phasors, which two are 180° apart: V,, Vc, or Vg? 
b. Of the following phasors, which two are out of phase by 90°: Ips Irs 
or [,? 
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Application in Understanding Power Factor Correction 


n any AC circuit with capacitive and/or inductive reactance, the 
current either leads or lags the applied voltage by some phase 
angle between O and 90°. In a purely resistive AC circuit, the 
phase angle, O, is 0°. The power calculations in a purely resistive 
AC circuit are no different than those in DC circuits, except that 
in AC circuit’s rms values of voltage and current are used. When 
the phase angle is between O and 90°, however, the power 
consumed by the circuit is more difficult to calculate. 


CALCULATING POWER IN AC CIRCUITS 


The three different types of power in AC circuits are real power, 
reactive power, and apparent power. Real power represents 
electrical energy that has been converted into another form, 
such as heat energy, light energy, or rotating mechanical energy. 
Reactive power represents the energy stored in the magnetic 
field of an inductor or the electric field of a capacitor. The 
apparent power represents the power that is “apparently” being 
consumed by the circuit before the phase angle is taken into 
account. The following symbols, units, and formulas show each 
type of power: 


Real Power — The symbol is P and the unit is the watt (W). 


v2 
P is calculated as P = ÈR, P=Ņ, P= Vp X Ip or 
P= V, X l; X cos (0). 


Reactive Power — The symbol is Q and the unit is the volt- 
ampere reactive (VAR). It is important to note that the reactive 
power in the inductor is designated Q,, whereas the reactive 


power in the capacitor is designated Q+. Q is calculated as 
2 2 


Q =X rQ =X Qg r eA v.x l or 
L ites 
Q: = V: X lor Q= V, X h X sin (8). 


Apparent Power — The symbol is S and the unit is the volt-ampere 
2 


V 
(VA). Sis calculated as S = V, X h, S = ÊZ, S = > or 
S=VP+Q. 
The power triangle is shown in Fig. 23-17. The real or resistive 


power is at an angle of 0°, whereas the reactive power is at an 
angle of 90°. The apparent power, which is the hypotenuse of the 


right triangle, is the phasor sum of the real and reactive power. 


Figure 23-17 Power triangle. 


Apparent power Reactive power 


(Q) 


Real power 
(P) 


Alternating Current Circuits 


It should be noted that the reactive power, Q,, in an inductor is at 
an angle of +90°, whereas the reactive power, Qc, in a capacitor 
is at an angle of —90°. 


POWER FACTOR 


In an AC circuit, the ratio of real to apparent power is called the 
power factor (usually abbreviated PF). The power factor is a 
numerical ratio with a value between O and 1. Expressed as a 
formula 
PF= Real Power 
Apparent Power 
PF = cos 0 


Basically, the power factor tells us what fraction of apparent 
power is actually real power. 


CIRCUIT EXAMPLE 


In Fig. 23-18 
1, = et =80A 
1 =% = 604 


|, = V80? + 60° = 100A 


0 = arctan 228 —36.87° 


80 7 


S=240V x 100 A= 24 kVA 
Q, = 240 V x 100A x sin (—36.87°) = 14.4 kVARs 


P = 240 V x 100A x cos (—36.87°) = 19.2 kW 


19.2 kW _ 


PS 24 kVA 


0.8 

When utility companies deliver sine-wave AC power to their 
customers, it is desired to have the power factor as close to 1 as 
possible. This is because as the power factor decreases, the 
power generating station has to supply more power, which in 
turn means that the power lines will have a higher current. In 
other words, the lower the power factor, the higher the losses 
in the overall system. Because there are so many inductive 
oads, such as motors and transformers, the power factor will 
always be less than 1. How much less than 1 is determined by 
the number of inductive loads, which can vary from one location 
to the next or even with the time of day. Just remember, as the 


Figure 23-18 A parallel RL circuit represents the inductive 
nature of a typical load encountered in electrical power distribution. 


Va = 240 V AC 
60 Hz 


correction 
capacitor 


731 


power factor decreases, the apparent power, total current, and 
overall power losses in the system increase. To say it another 
way, the ratio of delivered power to generated power decreases 
as the power factor decreases. 


CORRECTING THE POWER FACTOR 


To correct the power factor, a capacitor is added in parallel with 
the AC power line to offset the effects of the lagging current of 
the inductive loads. Factories, schools, and large facilities in 
general all use power factor correction capacitors to keep the 
power factor as close to 1 as possible. The power factor 
correction capacitor is always located at the point where the 
electric power lines enter the building. To increase the power 
factor to 1 in Fig. 23-18, a capacitor would need to draw the 
same amount of current as the inductive branch. Since X, equals 
4 Q, X. also needs to be 4 Q. The value of capacitance that has 
an X< of 4 Q at 60 Hz is calculated as follows: 


1 


Xc-=3xnx 60 Hzx40 


= 663.14 uF 


With this amount of capacitance across the power line 
connections in Fig. 23-18, the reactive power (stored energy) in 
the capacitor will be identical but opposite to that of the inductor. 
The net reactive power is the difference between Q, and Q., 
which is zero in this case. 
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Because the inductive and capacitive branch currents are 
equal and 180° out of phase, they completely cancel each other 
in the main line. Therefore, the only current flowing in the main 
line is the resistive branch current, /,, of 80 A. This is a 20% 
reduction in the total current, = 


THE BOTTOM LINE 


All utility companies have a way to switch in power factor 
correction capacitors to help improve the overall efficiency of 
power delivery. These capacitors may be located in substations 
or may actually be on power poles near transformers. By 
monitoring the phase angle of the power, the correct amount of 
capacitance can be switched in as needed. The inductive loading 
will vary over time, so the process of monitoring and correcting 
the power factor is a continuous one. The resulting energy 
savings of power factor correction is enormous! 

It should be noted that it is not entirely practical to obtain a 
power factor of one or unity in the distribution of electrical 
power. This is because inductive loads are constantly being 
switched on and off throughout the day. This in turn results in a 
constantly changing power factor. In most cases, utility 
companies try to maintain a power factor of around 0.95. Utility 
companies usually charge a penalty fee to customers with power 
factors less than 0.95. Therefore, as a customer, there is great 
financial incentive in improving the power factor. 
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Summary 


In AC circuits with resistance alone, 
the circuit is analyzed the same way 
as DC circuits, generally with rms AC 
values. Without any reactance, the 
phase angle between Vand / is zero. 


When capacitive reactances alone 
are combined, the X values are 
added in series and combined by the 
reciprocal formula in parallel, just 
like ohms of resistance. Similarly, 
ohms of X, alone can be added in 
series or combined by the reciprocal 
formula in parallel, just like ohms of 
resistance. 


Since X; and X, are opposite 
reactances, they offset each other. 
In series, ohms of X and X, can be 
subtracted. In parallel, the 


Important Terms 


Apparent power — the power that is 
apparently consumed by an AC circuit. 
Apparent power is calculated as V x / 
without considering the phase angle. 
The unit of apparent power is the 
volt-ampere (VA) since the watt unit is 
reserved for real power. 


Double-subscript notation — a 
notational system used to specify the 
DC and AC voltages in a circuit. The 
first letter in the subscript indicates 
the point of measurement, whereas 


Related Formulas 


Z= VR +X? 
h=Vn+h 
Real power =P=/?R 


Real power = P = VI cos 0 


Self-Test 


Answers at the back of the book. 


1. Inan AC circuit with only series 
resistances, 


a. V and / are in phase. 
b. R =R +R, +R- -+ etc. 


c. each voltage drop is in phase with 
the series current. 


d. all of the above. 


Alternating Current Circuits 


capacitive and inductive branch 
currents /. and /, can be subtracted. 


n AC circuits, R, X,, and Xe can be 
reduced to one equivalent 
resistance and one net reactance. 


n series, the total R and net X at 90° 
are combined as Z, = VR? + X?. The 
phase angle of the series R and Xis 
the angle with tangent +X/R. To find 
l, first we calculate Z, and then 
divide into V}. 

For parallel branches, the total /, 
and net reactive /,, at 90° are 
combined as /; = y 1R + 1% . The 
phase angle of the parallel R and Xis 
the angle with tangent +1, /l,. To 
find Zeo first we calculate /; and then 
divide into V,. 


the second letter indicates the point 
of reference. With double-subscript 
notation, the polarity or phase of a 
voltage can be indicated. 


Power factor (PF) — a numerical ratio 
between O and 1 that specifies the 
ratio of real to apparent power in an 
AC circuit. For any AC circuit, the 
power factor is equal to the cosine of 
the phase angle. 


Real power — the actual power 
dissipated as heat in the resistance of 


Power factor = PF = cos 0 =£ 


Power factor = PF = cos 0 = 


2. In an AC circuit with only parallel 
inductors, 


a. |, lags V, by 90°. 
b. V, lags h by 90°. 
c. V, and 4 are in phase. 


d. none of the above. 


The quantities R,X,,X-, and Z in AC 
circuits all are ohms of opposition. 
The differences with respect to 
frequency and phase angle are 
summarized in Table 23-1. 


The phase relations for resistance 
and reactance are summarized in 
Fig. 23-15. 

In AC circuits with reactance, the 
real power P in watts equals /7R, 
or VI cos 0, where @ is the phase 
angle. The real power is the power 
dissipated as heat in resistance. 
Cos @ is the power factor of the 
circuit. 


The wattmeter measures real AC 
power or DC power. 


an AC circuit. The unit of real power is 
the watt (W). Real power can be 
calculated as /?R where Ris the 
resistive component of the circuit or 
as VX /X cos 0 where @ is the phase 
angle of the circuit. 


Volt-ampere (VA) — the unit of apparent 
power. 


the volt- 


Volt-ampere reactive (VAR) 
amperes at the angle of 90°. 


Wattmeter — a test instrument used to 
measure the real power in watts. 


(Series circuits) 


(Parallel circuits) 


3. A series circuit contains 150 Q of X, 


and 250 Q of X.. What is the net 
reactance? 


a. 400 Q, X,. 
b. 400 Q, X.. 
c. 100 Q, X. 
d. 291.5 Q, Xo. 
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4. 


5. 


Es 
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What is the power factor (PF) of a 8. A 10-Q resistor is in parallel with an c. 1.44 kW. 
purely resistive AC circuit? X of 10 Q. If the applied voltage is d.1.73 kVA. 
3.0. 120 V, what is the power factor of 
the circuit? 12. The unit of real power is the 
b.1 P 
p a. 0. w) 
c. 0.707. a. watt (W). 
b.0.5. bs 
d. Without values, it cannot be b. volt-ampere (VA). 
determined. c. 1. c. joule (J). 
d.0.707. d. volt-ampere reactive (VAR). 
The unit of apparent power is the 
a. volt-ampere (VA). 9. An AC circuit has an 80-Q R, 20-Q 13. In a parallel AC circuit with X, 
X» and a 40-Q Xz in parallel. Ifthe dx. 
b. watt (W) L c and Xo, 
: : applied voltage is 24 Vac, what is the ore 90° out of 
c. volt-ampere reactive (VAR). phase angle of the circuit? Sal Wer tne SHEGI plesk 
d. joule ()) 3. —26.6° b. / and lą are in phase. 
ae c. |, and lę are 180° out of phase. 
. A15-Q resistance is in series with pada aX Sad X areo outer phase 
50 Q of X, and 30 Q of X-. If the c. —63.4". “ < i 
applied voltage equals 50 V, how d.—51.3°. 14. Ina series RLC circuit, 
much real power is dissipated by the 3 i 
circuit? 10. In an AC circuit with only series ar Rene Xe ate 160 outof prase: 
3. 60W. capacitors, b./, and /. are 180° out of phase. 
b. 100 W. a. V, leads / by 90°. c. X, and X, are 90° out of phase. 
e d. X, and X, are in phase. 
c. 100 VA. b. V; lags! by 90°. L c Pp 
d. 4.16 W. S: el foe voltage drop 15.A parallel AC circuit with 120 V,- 
east Oy ace applied has a total current, |, of 5A. 
. An AC circuit has a 100-Q R, a d. both a and c. If the phase angle of the circuit is 
300-2 X,, and a 200-2 X; all in —53.13°, how much real power is 
series. What is the phase angle ofthe = 11.A10-Q Ris in parallel with a 15-Q issi ircuit? 
P g P dissipated by the circuit? 
circuit? X- The applied voltage is 120 Vac. 3. 600 VA 
4.78 7°: How much is the apparent power in ` i 
b. 45° the circuit? b. 480 W. 
` ` a. 2.4 kW. c. 360 W. 
c. —90°. 
b. 1.44 kVA. d. 3.6 kVA. 
d. 56.3°. 
say Questions 
Why can series or parallel resistances be combined in self-induced voltage leads the current through the coil 
AC circuits the same way as in DC circuits? by 90°. 
(a) Why do X and X- reactances in series offset each 8. Why is it that a reactance phasor is always at exact! 
y L c y P y: y 


other? (b) With X, and Xç reactances in parallel, why can 
their branch currents be subtracted? 


Give one difference in electrical characteristics 
comparing R and X;, R and Z, Xc and C, X, and L. 


Name three types of AC meters. 


Make a diagram showing a resistance R, in series with 
the load resistance R,, with a wattmeter connected to 
measure the power in R,. 


Make a phasor diagram for the circuit in Fig. 23—8a 
showing the phase of the voltage drops IR, IXc, and IX, 
with respect to the reference phase of the common 
current /. 


Explain briefly why the two opposite phasors at +90° 
for X, and —90° for |, both follow the principle that any 


90° but an impedance phasor can be less than 90°? 


Why must the impedance of a series circuit be more 


Why must /; in a parallel circuit be more than either /, 


Compare real power and apparent power. 


ake a phasor diagram showing the opposite direction 
of positive and negative angles. 


b than either its X or its R? 
10. 
or ly? 
11 
12. Define power factor. 
13. 
14. 


n Fig. 23-15, which circuit has leading current with a 
positive phase angle 0 where / from the source leads the 
applied by the source? 
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Problems 


SECTION 23-1 AC CIRCUITS WITH RESISTANCE 
BUT NO REACTANCE 
23-1 In Fig. 23-19, solve for R, /, V,, and V5. 


Figure 23-19 


R,=12Q 


V;=15V 


R, =18Q 


23-2 In Fig. 23-19, what is the phase relationship between 


a. V,and/? 
b. V, and /? 
c. V, and /? 


23-3 In Fig. 23—20, solve for h, lh, l, and Reg. 


23-4 In Fig. 23—20, what is the phase relationship between 


a. V, and /,? 


b. V, and /-? 


c. V, and 4? 


Figure 23-20 


Va =36 V R,=18Q 


SECTION 23-2 CIRCUITS WITH X, ALONE 
23-5 In Fig. 23-21, solve for Xip l, V, and V. 


Figure 23-21 
X,,=1002 


v,=n0v(\Y) 


Xop = 1502 


Alternating Current Circuits 


23-6 In Fig. 23-21, what is the phase relationship between 
a. V;and/? 
b. V; and /? 


c. V and /? 


23-7 In Fig. 23-22, solve for 4, l>, h and Xa 


Figure 23-22 


V, = 120 V Xiz = 400 Q 


23-8 In Fig. 23—22, what is the phase relationship between 
a. V, and /,? 
b. V, and I? 
c. V, and 4? 

SECTION 23-3 CIRCUITS WITH X: ALONE 

23-9 In Fig. 23-23, solve for X<, l, V,, and V,. 


Figure 23-23 


Xe, = 2202 
V,=18V 


Xc, = 680 Q 


23-10 In Fig. 23—23, what is the phase relationship between 
a. V,;and/? 
b. V; and /? 
c. Vand /? 


23-11 In Fig. 23—24, solve for h, h, h, and Xora 


Figure 23-24 


Vr=10V Xc, = 100 2 Xo, = 252 
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23-12 In Fig. 23—24, what is the phase relationship between 
a and |? 
b. V, and /,? 


c. V, and 4? 


SECTION 23-4 OPPOSITE REACTANCES CANCEL 
23-13 In Fig. 23—25, solve for 
a. the net reactance, X. 


b. the current, /. 


c. the inductor voltage, V,. 


d. the capacitor voltage, Ve. 


Figure 23-25 


X, = 1809 
V;=24V 


Xc =120Q 


23-14 In Fig. 23—25, what is the phase relationship between 


a. X, and X-? 
b. V, and/? 
c. V- and /? 
d. V and /? 
e. V and V-? 
f. V, and / if the values of X, and X; are interchanged? 


23-15 In Fig. 23—26, solve for 
a. the inductive branch current, /,. 


b. the capacitive branch current, /c. 


c. the net line current, h. 


d. the net reactance, X. 


Figure 23-26 


Va =18 V X= 602 X= 902 


23-16 In Fig. 23—26, what is the phase relationship between 
a. l and V}? 
b. Ie and V? 


c. |, and le? 
d. V, and 4? 
e. V, and /, if the values of X, and X; are interchanged? 


SECTION 23-5 SERIES REACTANCE AND 
RESISTANCE 

23-17 In Fig. 23—27, solve for 

a. the net reactance, X. 
b. Z, 

l. 


a mho an 
- 


Figure 23-27 


R=100Q 


Woe 125V Xe = 125Q 


X,=502 


23-18 In Fig. 23—27, what is the phase relationship between 

a.X, and X.? 

b. V, and /? 

c. Veand /? 

d. Vg and /? 

e. V, and Vee 

f. Vand /? 

g. Vyand Vg? 

h. V and / if the values of X, and X, are interchanged? 
23-19 Repeat Prob. 23-17 for the circuit in Fig. 23—28. 


Figure 23-28 


X,=18KQ 


w= Xc=12 KQ 


R=450Q 
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23-20 In Fig. 23-29, solve for 
. the net reactance, X. 


a 
b. Z, 


oOo *- Oo a 4 
= k 
N a= 
w 
3 
E 
= 


Figure 23-29 


X,, = 15 KQ 


R,=1KQ 


Xe, = 400 Q 


V,=25V 
X, =12 KQ 


R, =1KQ Xe, = 800 Q 


SECTION 23-6 PARALLEL REACTANCE AND 
RESISTANCE 
23-21 In Fig. 23—30, solve for 


o wu 
me 
al 


Oo wpap 
= 


Figure 23-30 


X= 
902 


23-22 In Fig. 23—30, what is the phase relationship between 
a. V, and lk? 
b. V, and le? 


c. Vy and Ai? 
d./, and l? 
e. V, and 4? 
f. V, and |, if the values of X, and Xe are interchanged? 


23-23 Repeat Prob. 23—21 for the circuit in Fig. 23-31. 


Figure 23-31 


100 Q 


23-24 In Fig. 23-32, solve for 
a. lg and I. 
b./, and h 

ve and Ic. 


. the net reactive branch current, ly. 


m e <@s. f 


g. 6. 
SECTION 23-7 SERIES-PARALLEL REACTANCE 
AND RESISTANCE 
23-25 In Fig. 23-33, solve for 
a. Z. 
Bil 
c. Voy 
d. Vo Vep and Vo. 
e. V and VY. 
kO 
SECTION 23-8 REAL POWER 


23-26 Determine the real power, apparent power, and power 
factor (PF) for each of the following circuits: 


a. Fig. 23-19. 
b. Fig. 23-21. 
c. Fig. 23-24. 
d. Fig. 23-26. 


23-27 Determine the real power, apparent power, and power 
factor (PF) for each of the following circuits: 


a. Fig. 23-27. 
b. Fig. 23-28. 


Figure 23-32 


Alternating Current Circuits 
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Figure 23-33 


R,=302 


Xe, = 12.2 


Critical Thinking 


23-29 In Fig. 23-34, what value of L will produce a circuit 
power factor of 0.8? 


Figure 23-34 Circuit for Critical Thinking Prob. 23-29. 


R=10Q 


23-1 a.0° 
b. 0° 


Answers to Self-Reviews 


23-2 a. 90° 
b. —90° 


23-3 a.—90° 
b. 90° 


23-4 a. 20 Q 
b.1 A 


23-5 a.30 Q 
b. 30 Q 
c. 180° 


23-6 a.3 A 
b.3 A 


23-7 a. 200 Q 
b. 200 Q 
c. 100 Q 


738 


c. Fig. 23-30. 
d. Fig. 23-31. 


23-28 Calculate the real power, apparent power, and power 
factor for each of the following circuit conditions: 


a. A parallel RLC circuit with V, = 120V, 4} = 5 A, and 


=—45°. 
| 
b. A parallel RLC circuit with V, = 240 V, h= 18 A, and 
| = —26.56°. 
el RLC circuit with V, = 100 V, h = 3 A, and 


Il 

= 
oe) 
oo 


parallel RLC circuit wit 


= 120V,l,=8A,and 


23-30 In Fig. 23-35, what value of Cin parallel with R and L 
will produce a power factor of 0.8? 


Figure 23-35 Circuit for Critical Thinking Prob. 23-30. 


120 Ve A) X= 
G 
- 100 Q 
60 Hz 


23-8 a. watt 
b. volt-ampere 


c. real 


23-9 a.true 
b. true 


23-10 a. real power 
b. V 


23-11 a. R 
b. X, 
C-Xe 


23-12 a. V, and V; 
b. / and /, 


Chapter 23 


Laboratory Application Assignment 


In this lab application assignment, you will examine the real 
power, apparent power, and power factor (PF) in a parallel RL 
circuit. You will also examine how a capacitor can be added in 
parallel to bring the power factor closer to 1 or unity. The 
procedure of adding a capacitor in parallel to raise the power 
factor is called power factor correction. 

Note: /n this lab we will assume that the DC resistance, r, of the inductor 
is negligible. 


Equipment: Obtain the following items from your instructor. 


* Function generator 
* Oscilloscope 
DMM 
+ 100-mH inductor 
e 0.22-uF capacitor 
* 10-Q and 680-Q resistors 


Real Power, Apparent Power, and Power Factor 


Examine the parallel RL circuit in Fig. 23—36a. (Ignore the 0.22-"F 
capacitor.) Calculate and record the following circuit values: 
Ke 


h= Z= 


S = > 


g , real power = ; 


apparent power = Pr 


Construct the circuit in Fig. 23—36a. (Again, ignore the 0.22- F 
capacitor.) 

Adjust the applied voltage, V,, to exactly 5 Vrms. With a DMM, 
measure and record the following circuit values: 


slp > 


I 
I 


Figure 23-36 


Using the measured values of /, and /,, calculate the total 
current, I, as |, = y 18 +1,2. Does this value agree with the 
measured value of total current? If not, list one 
possible reason why. 


Using the measured values of /, and lp, calculate the circuit’s 
phase angle, 0,. (Recall that in a parallel circuit, tan 0, = —/,//,.) 
C= . Next, using measured values, 


determine the following: real power = : 
ee R 
do these experimental values compare to those initially 


apparent power = How 


calculated? 


Power Factor Correction 


Mentally connect the 0.22-uF capacitor in Fig. 23—36a. 
Calculate and record the following circuit values: 
L Ke 


k= kE 


He = 5 Ike = 
0 = , apparent power = ; 


,PF= 


real power = 


Construct the circuit in Fig. 23—36a including the 0.22-uF 
capacitor. Adjust the applied voltage, V,, to exactly 5 Vrms. 
With a DMM, measure and record the following circuit values: 


c= 2 


I 
Ir 


| 
l 
| 
l 
| 
L =100 mH exc 
| 
l 
| 
| 
| 


Va = 5 Vrms 
f=1kHz = 0.22 pF 
Channel 1 
wm 
SNR EINE Caen ede a) | 
| 
| 
| 
| 
Va = 5 Vrms 2 
odin L =100 mH Perea aF 
| 
| 
| 
| 


—- Rsense =10Q 


Channel 2 


Alternating Current Circuits 


(6) 
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While measuring the total current, ly, connect and disconnect 
the 0.22-uF capacitor several times. You should notice that 

l decreases when the capacitor is connected. Explain why this 
happens. 


Using measured values, calculate the net reactive current, ly, 
as |, — lc or he — |, depending on which current is larger. 


= 


Using the experimental value of /, and the measured value of Ip, 
calculate the circuit’s phase angle, 0,. 0, = 

Using measured values, calculate the following: 

apparent power = 
De = 


, real power = ‘ 


In Figure 23—36a 


a. Did the apparent power increase, decrease, or stay the same 
when the capacitor was added? 


Design credit Multisim: ©Stockbyte/Getty Images 
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b. Did the phase angle, 0,, become more negative, less negative, 
or did it stay the same when the capacitor was 
added? 

c. Did the real power increase, decrease, or stay the same 
when the capacitor was added? 

d. Did the power factor, PF, increase, decrease, or stay the 
same when the capacitor was added? 


Adda 


connect the oscilloscope to measure the phase angle, 0, 


O0-Q sensing resistor as shown in Fig. 23—36b. Next, 


between V, and /,. Note the connections designated for 
channels 1 and 2 in the figure. While viewing the displayed 
waveforms on the oscilloscope, connect and disconnect the 
0.22-uF capacitor several times. Explain what happens to the 
phase angle when the capacitor is connected. 
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Complex Numbers 
for AC Circuits 


omplex numbers refer to a numerical system that includes the phase angle of a 
Gees with its magnitude. Therefore, complex numbers are useful in 

AC circuits when the reactance of X, or X, makes it necessary to consider the 
phase angle. For instance, complex notation explains why 0, is negative with 

Xc and @, is negative with /,. 


Any type of AC circuit can be analyzed with complex numbers. They are especially 
convenient for solving series-parallel circuits that have both resistance and reactance 
in one or more branches. Although graphical analysis with phasor arrows can be 
used, the method of complex numbers is probably the best way to analyze AC circuits 
with series-parallel impedances. E 


[Chapter outline 


24-6 


Positive and Negative Numbers 
The j Operator 
Definition of a Complex Number 


How Complex Numbers Are Applied 
to AC Circuits 


mpedance in Complex Form 
Operations with Complex Numbers 


Magnitude and Angle of a Complex 
Number 


Polar Form of Complex Numbers 


24-9 
24-10 


24-11 


24-12 


24-13 
24-14 


Converting Polar to Rectangular Form 


Complex Numbers in Series AC 
Circuits 


Complex Numbers in Parallel AC 
Circuits 


Combining Two Complex Branch 
Impedances 


Combining Complex Branch Currents 


Parallel Circuit with Three Complex 
Branches 


After studying this chapter, you should be able to 


Explain the j operator. 


Define a complex number. 


Add, subtract, multiply, and divide complex 
numbers. 


Explainthe difference between the rectangular 


and polar forms of a complex number. 


Convert a complex number from polar to 


rectangular form and vice versa. 


Explain how to use complex numbers to solve 


series and parallel AC circuits containing 
resistance, capacitance, and inductance. 


admittance, Y 


complex number j operator 


imaginary number 


polar form rectangular form 


real number susceptance, B 


Complex Numbers for AC Circuits 
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GOOD TO KNOW 


The induced voltage, V, across an 
inductor is an example of a 
quantity that is represented on 


the +j axis. 
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24-1 Positive and Negative Numbers 


Our common use of numbers as either positive or negative represents only two spe- 
cial cases. In their more general form, numbers have both quantity and phase angle. 
In Fig. 24-1, positive and negative numbers are shown corresponding to the phase 
angles of 0° and 180°, respectively. 

For example, the numbers 2, 4, and 6 represent units along the horizontal or x 
axis, extending toward the right along the line of zero phase angle. Therefore, posi- 
tive numbers represent units having the phase angle of 0°, or this phase angle cor- 
responds to the factor of +1. To indicate 6 units with zero phase angle, then, 6 is 
multiplied by +1 as a factor for the positive number 6. The + sign is often omitted, 
as it is assumed unless indicated otherwise. 

In the opposite direction, negative numbers correspond to 180°, or this phase 
angle corresponds to the factor of —1. Actually, —6 represents the same quantity as 
6 but rotated through the phase angle of 180°. The angle of rotation is the operator 
for the number. The operator for —1 is 180°; the operator for +1 is 0°. 


E 24-1 Self-Review 
Answers at the end of the chapter. 


a. What is the angle for the number +5? 
b. What is the angle for the number —5? 


24-2 The; Operator 


The operator for a number can be any angle between 0° and 360°. Since the angle of 
90° is important in AC circuits, the factor j is used to indicate 90°. See Fig. 24-2. 
Here, the number 5 means 5 units at 0°, the number —5 is at 180°, and j5 indicates 
the number 5 at the 90° angle. 

The j is usually written before the number. The reason is that the j sign is a 90° 
operator, just as the + sign is a 0° operator and the — sign is a 180° operator. Any 
quantity at right angles to the zero axis, or 90° counterclockwise, is on the +j axis. 


Figure 24-1 Positive and negative numbers. 


180° 


180° direction 0° direction 


Figure 24-2 The jaxis at 90° from the horizontal real axis. 
j5 


jaxis 


90° 


Real axis 
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GOOD TO KNOW 


j=l 
Poa 
and 

j= v-1 
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Figure 24-3 The j operator indicates 90° rotation from the real axis; the —j operator is 
—90°; j? operation is 180° rotation back to the real axis in a negative direction. 


90° = +j 

4 

+j operator = 90° 
j? operator = 180° 
180° =? =-1~ = 0° = +1 

-j operator = -90° 

v 

270° == 


In mathematics, numbers on the horizontal axis are real numbers, including 
positive and negative values. Numbers on the j axis are called imaginary numbers 
because they are not on the real axis. In mathematics, the abbreviation i is used to 
indicate imaginary numbers. In electricity, however, j is used to avoid confusion 
with i as the symbol for current. Furthermore, there is nothing imaginary about 
electrical quantities on the j axis. An electric shock from j500 V is just as dangerous 
as 500 V positive or negative. 

More features of the j operator are shown in Fig. 24-3. The angle of 180° 
corresponds to the j operation of 90° repeated twice. This angular rotation is 
indicated by the factor j*. Note that the j operation multiplies itself, instead of 
adding. 

Since j? means 180°, which corresponds to the factor of —1, we can say that j* is 
the same as —1. In short, the operator j° for a number means to multiply by —1. For 
instance, j78 is —8. 

Furthermore, the angle of 270° is the same as —90°, which corresponds to the 
operator —j. These characteristics of the j operator are summarized as follows: 


0° =1 
90° =j 
180° =’ = -1 


270° =} =Pxj=-1xj=-j 
360° = same as 0° 
As examples, the number 4 or —4 represents 4 units on the real horizontal axis; j4 


means 4 units with a leading phase angle of 90°; —j4 means 4 units with a lagging 
phase angle of —90°. 


E 24-2 Self-Review 


Answers at the end of the chapter. 


a. What is the angle for the operator j? 
b. What is the angle for the operator —j? 
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Figure 24-4 Phasors corresponding to real terms and imaginary (j) terms, in rectangular coordinates. 


GOOD TO KNOW 


When phasors are added, the tail 
of one phasor is placed at the 
arrowhead of the other. The 
resultant phasor extends from 
the tail of the first phasor to the 


arrowhead of the second. 


GOOD TO KNOW 


Inductive reactance and capacitive 
reactance are sometimes indicated 
as +jX, and —jX,, respectively. 
Conversely, inductive and capacitive 
branch currents are indicated as —jl, 


and +j/., respectively. 
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(b) (c) (d) 


24-3 Definition of a Complex Number 


The combination of a real and an imaginary term is called a complex number. Usu- 
ally, the real number is written first. As an example, 3 + j4 is a complex number 
including 3 units on the real axis added to 4 units 90° out of phase on the j axis. 
Complex numbers must be added as phasors. 

Phasors for complex numbers shown in Fig. 244 are typical examples. The +j 
phasor is up for 90°; the —j phasor is down for —90°. The phasors are shown with 
the end of one joined to the start of the next, to indicate addition. Graphically, the 
sum is the hypotenuse of the right triangle formed by the two phasors. Since a num- 
ber like 3 + j4 specifies the phasors in rectangular coordinates, this system is the 
rectangular form of complex numbers. 

Be careful to distinguish a number like j2, where 2 is a coefficient, from j’, where 
2 is the exponent. The number j2 means 2 units up on the j axis of 90°. However, 
J’ is the operator of —1, which is on the real axis in the negative direction. 

Another comparison to note is between j3 and j’. The number /3 is 3 units up on 
the j axis, and f is the same as the —j operator, which is down on the 
—90° axis. 

Also note that either the real term or the j term can be the larger of the two. When 
the j term is larger, the angle is more than 45°; when the j term is smaller, the angle 
is less than 45°. If the j term and the real term are equal, the angle is 45°. 


E 24-3 Self-Review 
Answers at the end of the chapter. 


a. For 7 + j6, the 6 is at 90° leading the 7. (True/False) 
b. For 7 — j6, the 6 is at —90° lagging the 7. (True/False) 


24-4 How Complex Numbers Are 
Applied to AC Circuits 


Applications of complex numbers are a question of using a real term for 0°, +j 
for 90° and —j for —90°, to denote phase angles. Figure 24-5 illustrates the 
following rules: 

An angle of 0° or a real number without any j operator is used for resistance R. 
For instance, 3 Q of R is stated as 3 Q. 

An angle of 90° or +j is used for inductive reactance X,. For instance, a 4-9 X, 
is j4 Q. This rule always applies to X,, whether it is in series or parallel with R. The 


Chapter 24 


Complex Numbers for AC Circuits 


Figure 24-5 Rectangular form of complex numbers for impedances. (a) Reactance X, is 
+j. (b) Reactance X; is —j. 


(b) 


Figure 24-6 Rectangular form of complex numbers for branch currents. (a) Current /, is 
—j. (b) Current |. is +j. 


(a) (b) 


reason is the fact that ZX, represents voltage across an inductance, which always 
leads the current in the inductance by 90°. The +j is also used for V,. 

An angle of —90° or —j is used for Xo. For instance, a 4-9 Xo is —j4 Q. This rule 
always applies to X,, whether it is in series or parallel with R. The reason is that IXe 
is the voltage across a capacitor, which always lags the capacitor’s charge and 
discharge current by —90°. The —j is also used for Vo. 

With reactive branch currents, the sign for j is reversed, compared with reactive 
ohms, because of the opposite phase angle. In Fig. 24—6a and b, —j is used for induc- 
tive branch current J, and +j is used for capacitive branch current 7o. 


E 24-4 Self-Review 


Answers at the end of the chapter. 


a. Write 3 kQ of X, using the j operator. 
b. Write 5 mA of J, using the j operator. 


24-5 Impedance in Complex Form 


The rectangular form of complex numbers is a convenient way to state the imped- 
ance of series resistance and reactance. In Fig. 24—5a, the impedance is 3 + j4 
because Z, is the phasor sum of a 3-Q R in series with j4 Q for X,. Similarly, Z, is 
3 — j4 for a 3-Q R in series with —j4 Q for Xo. The minus sign in Z, results from 
adding the negative term for —j, that is, 3 + (—j4) = 3 — j4. 


For a 4-kQ R and a 2-kQ X, in series: Z} = 4000 + j2000 Q 
For a 3-kQ R and a 9-kQ Xo in series: Z} = 3000 — 79000 Q 
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For R = 0 and a 7-Q X, in series: Z= 0 + j7 Q 
For a 12-Q R and X = 0 in series: Z, = 12 + jO 


Note the general form of stating Z = R + JX. If one term is zero, substitute O for this 
term to keep Zin its general form. This procedure is not required, but there is usually 
less confusion when the same form is used for all types of Z. 

The advantage of this method is that multiple impedances written as complex 
numbers can then be calculated as follows: 


For series impedances: 


Z,=Z,+2Z,+Z,+---+ ete. (24-1) 
For parallel impedances: 
l tlni 
=5 +5 +5 +. tete. (24-2 
Zr Z Z, A ) 
For two parallel impedances: 
Z X Z, 
= Z +z, Gr) 


Examples are shown in Fig. 24-7. The circuit in Fig. 24~7a is a series combina- 
tion of resistances and reactances. Combining the real terms and j terms separately, 
Z, = 12 + j4. The calculations are 3 + 9 = 12 Q for R and j6 added to —j2 equals j4 
for the net X. 

The parallel circuit in Fig. 24~7b shows that X, is +j and Xe is —j, even though 
they are in parallel branches, because they are reactances, not currents. 

So far, these types of circuits can be analyzed with or without complex num- 
bers. For the series-parallel circuit in Fig. 24—7c, however, the notation of com- 
plex numbers is necessary to state the complex impedance Z,, consisting of 
branches with reactance and resistance in one or more of the branches. Imped- 
ance Z, is stated here in its form as a complex impedance. To calculate Z,, some 
of the rules described in the next section must be used for combining complex 
numbers. 


E 24-5 Self-Review 
Answers at the end of the chapter. 


Write the following impedances in complex form: 
a. X, of 7 Q in series with R of 4 Q. 
b. X, of 7 Q in series with zero R. 


Figure 24-7 Reactance X, is a +j term and X- is a —j term whether in series or parallel. (a) Series circuit. (b) Parallel branches. 
(c) Complex branch impedances Z, and Z, in parallel. 
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Zr 


9Q J6 Q 


Zr = (9 + j6) + (3 - j2) 


(a) 


ee ee eee 9.5, eee ez) 
Z 4 js 35 T  @4+/5)4+ B=/2) 
(b) (c) 
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24-6 Operations with Complex Numbers 


Real numbers and j terms cannot be combined directly because they are 90° out of 
phase. The following rules apply. 


For Addition or Subtraction 
Add or subtract the real and j terms separately: 
(9 + j5) + 34+ j2)=9+34j5 + j2 


=12+j7 

(9 +5) + (3 —j2)=9+4+3 4/5 —j2 
=124+)3 

(9 +j5) + 3 —j8)=9+3 + j5- j8 
=12-)3 


The answer should be in the form of R + jX, where R is the algebraic sum of all the real 
or resistive terms and X is the algebraic sum of all the imaginary or reactive terms. 


To Multiply or Divide a j Term by a Real Number 


Multiply or divide the numbers. The answer is still a j term. Note the algebraic signs 
in the following examples. If both factors have the same sign, either + or —, the 
answer is +; if one factor is negative, the answer is negative. 


4x j3 =jl2 jl2+4=)3 
j5x6=j30 p30 +6 =f5 
j5 x (-6) = —j30 ~}30 + (-6) = j5 
-j5 x 6 = —j30 -j30 +6 = -j5 
-j5 x (-6) = j30 730 + (-6) = -j5 


To Multiply or Divide a Real Number 
by a Real Number 


Just multiply or divide the real numbers, as in arithmetic. There is no j operation. 
The answer is still a real number. 


To Multiply a j Term by a j Term 


Multiply the numbers and the j coefficients to produce aj” term. The answer is a real 
term because j* is —1, which is on the real axis. Multiplying two j terms shifts the 
number 90° from the j axis to the real axis of 180°. As examples, 


j4xj3 = }12 = (-1)(12) 
=-12 
J4 x (=j3) = —f'12 = —(-) (12) 
=12 


To Divide a j Term by a j Term 


Divide the j coefficients to produce a real number; the j factors cancel. For 
instance: 


jl2+j4=3 ~j12 + j4 = -3 
j0+j5=6 j30 = (—j6) = —5 
jl5+j3=5 ~j15 + (-j3)=5 
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GOOD TO KNOW 


It is a lot less work to multiply 
and divide complex numbers that 
are in polar form as compared to 
complex numbers that are in 


rectangular form. 


GOOD TO KNOW 


Learn how to use the polar-to- 
rectangular and rectangular-to- 
polar conversion keys on your 


calculator. 
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To Multiply Complex Numbers 
Follow the rules of algebra for multiplying two factors, each having two terms: 


(9 +5) x (3 —j2) = 27 —j18 + j15 — 7210 


= 27 — 73 —(-1)10 
= 27 —j3+10 
= 37-73 


Note that —j°10 equals +10 because the operator j? is —1 and —(-—1)10 
becomes +10. 


To Divide Complex Numbers 


This process becomes more involved because division of a real number by an imagi- 
nary number is not possible. Therefore, the denominator must first be converted to 
a real number without any j term. 

Converting the denominator to a real number without any j term is called ratio- 
nalization of the fraction. To do this, multiply both numerator and denominator by 
the conjugate of the denominator. Conjugate complex numbers have equal terms but 
opposite signs for the j term. For instance, (1 + j2) has the conjugate (1 — j2). 

Rationalization is permissible because the value of a fraction is not changed 
when both numerator and denominator are multiplied by the same factor. This pro- 
cedure is the same as multiplying by 1. In the following example of division with 
rationalization, the denominator (1 + j2) has the conjugate (1 — j2): 


4-jl_4-fl, (-j2)_4--jl+/2 
1+2 142° 0-2) 1-j2+j2-/4 
A790 
acs a 
2 -j9 
= 
=0.4—j1.8 


As a result of the rationalization, 4 — j1 has been divided by 1 + j2 to find the 
quotient that is equal to 0.4 — /1.8. 

Note that the product of a complex number and its conjugate always equals the 
sum of the squares of the numbers in each term. As another example, the product of 
(2 + j3) and its conjugate (2 — j3) must be 4 + 9, which equals 13. Simple numerical 
examples of division and multiplication are given here because when the required 
calculations become too long, it is easier to divide and multiply complex numbers in 
polar form, as explained soon in Sec. 24-8. 


E 24-6 Self-Review 
Answers at the end of the chapter. 


a. (2+ j3)+(3+j4) =? 
b. (2+j3)x2=? 


24-7 Magnitude and Angle of a 
Complex Number 


In electrical terms, the complex impedance (4 + j3) means 4 Q of resistance and 
3 Q of inductive reactance with a leading phase angle of 90°. See Fig. 24-8a. The 
magnitude of Z is the resultant, equal to V16 + 9 = V25 = 5 Q. Finding the square 
root of the sum of the squares is vector or phasor addition of two terms in quadra- 
ture, 90° out of phase. 
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Figure 24-8 Magnitude and angle of a complex number. (a) Rectangular form. (b) Polar form. 


90° 


Z= 


0 = arctan 


CALCULATOR 


Using the calculator for the 
magnitude in the first example, 
punch in 2 and then press the(x2) 
key for the square, equal to 4. 
Press (#) and then 4; press(x2), 
iS} and (y Jin sequence. The 


display will show 4.47, which is 
the magnitude. 


To find the angle from its tangent 
value, after the display is cleared, 
punch in 4 for the opposite side. 
Then press the(=)key, punch in 
2 for the adjacent side, and push 
the E) key for the ratio of 2 as 
the tangent. With 2 as tan 0 on 


the display, press the(TAN7) 


key, which is usually the second 
function of the key. Then 
63.4 appears on the display as 
the angle. Be sure that the 
calculator is set for degrees in 


the answer, not rad or grad units. 
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The phase angle of the resultant is the angle whose tangent is 0.75. This angle 
equals 37°. Therefore, 4 + j3 = 5/ 37°. 

When calculating the tangent ratio, note that the j term is the numerator and the 
real term is the denominator because the tangent of an angle is the ratio of the oppo- 
site side to the adjacent side. For a negative j term, the tangent is negative, which 
means a negative angle. 

Note the following definitions: (4 + j3) is the complex number in rectangular 
coordinates. The real term is 4. The imaginary term is j3. The resultant 5 is the 
magnitude, absolute value, or modulus of the complex number. Its phase angle or 
argument is 37°. The resultant value by itself can be written as |5|; the vertical lines 
indicate that it is the magnitude without the phase angle. The magnitude is the value 
a meter would read. For instance, with a current of 5/37° A ina circuit, an ammeter 
reads 5 A. As additional examples, 


2+j4= V4+4 16 /arctan2 = 4.47 /63° 

44 j2= V16+4 /arctan 0.5 = 4.47 /26.5° 
8 +j6 = V64 +36 /arctan 0.75 = 10 /37° 

8 — j6 = V64 + 36 /arctan —0.75 = 10 / -37° 
4+ j4= V164+16 /arctan 1 =5.66 /45° 
4-—j4= 716416 /arctan -1 = 5.66 /—45° 


Note that arctan 0.75 in the third example means the angle with a tangent equal to 
0.75. This value is % or %4 for the ratio of the opposite side to the adjacent side. The 
arctan can also be indicated as tan”! 0.75. In either case, this angle has 0.75 for its 
tangent, which makes the angle 36.87°. 

Many scientific calculators have keys that can convert from rectangular coor- 
dinates to the magnitude—phase angle form (called polar coordinates) directly. 
See your calculator manual for the particular steps used. If your calculator does 
not have these keys, the problem can be done in two separate parts: (1) the magni- 
tude as the square root of the sum of two squares and (2) the angle as the arctan 
equal to the j term divided by the real term. 
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E 24-7 Self-Review 


Answers at the end of the chapter. 


For the complex impedance 10 + j10 Q, 
a. calculate the magnitude. 
b. calculate the phase angle. 


24-8 Polar Form of Complex Numbers 


Calculating the magnitude and phase angle of a complex number is actually con- 
verting to an angular form in polar coordinates. As shown in Fig. 24-8, the rectan- 
gular form 4 + j3 is equal to 5 / 37° in polar form. In polar coordinates, the distance 
from the center is the magnitude of the phasor Z. Its phase angle 0 is counterclock- 
wise from the 0° axis. 

To convert any complex number to polar form, 


1. Find the magnitude by phasor addition of the j term and real term. 
2. Find the angle whose tangent is the j term divided by the real term. 
As examples, 


2+ j4 =4.47 /63° 
4+j2=4.47 /26.5° 
8 + j6 = 10 /37° 

8 — j6 = 10 /-37° 
4+ j4 = 5.66 /45° 
4 — j4 = 5.66 /—45° 


These examples are the same as those given before for finding the magnitude and 
phase angle of a complex number. 

The magnitude in polar form must be more than either term in rectangular form, 
but less than their arithmetic sum. For instance, in 8 + j6 = 10 /37° the magnitude 
of 10 is more than 8 or 6 but less than their sum of 14. 

Applied to AC circuits with resistance for the real term and reactance for the j 
term, then, the polar form of a complex number states the resultant impedance and 
its phase angle. Note the following cases for an impedance where either the resis- 
tance or the reactance is zero: 


0+/5 =5/90° 
0 — j5 = 5/-90° 
5 +j0=5/0° 


The polar form is much more convenient for multiplying or dividing 
complex numbers. The reason is that multiplication in polar form merely 
involves multiplying the magnitudes and adding the angles. Division 
involves dividing the magnitudes and subtracting the angles. The following 
rules apply. 


For Multiplication 
Multiply the magnitudes but add the angles algebraically: 
24 /40° x 2/30° = 24 x 2/40° + 30° = 48 /+70° 


24 /40° x (-2/30°) = —48 /+70° 
12 /-20° x 3 /~50° = 36 /-70° 
12 /-20° x 4/5° = 48 /-15° 
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When you multiply by a real number, just multiply the magnitudes: 


4 x 2/30° = 8/30° 
4x2 /-30° = 8 /-30° 
—4 x 2/30° = —8 / 30° 
—4 x (—2/ 30°) = 8 /30° 
This rule follows from the fact that a real number has an angle of 0°. When you add 
0° to any angle, the sum equals the same angle. 


For Division 
Divide the magnitudes and subtract the angles algebraically: 
24 /40° + 2/30° = 24 + 2 /40° — 30° = 12/ 10° 
12/20° + 3 /50° = 4 /—30° 
12 /—20° + 4/50° = 3 /—70° 


To divide by a real number, just divide the magnitudes: 


12/30° + 2 = 6 /30° 
12 /—30° + 2 = 6 /—30° 


This rule is also a special case that follows from the fact that a real number has a 
phase angle of 0°. When you subtract 0° from any angle, the remainder equals the 
same angle. 

For the opposite case, however, when you divide a real number by a complex 
number, the angle of the denominator changes its sign in the answer in the numera- 
tor. This rule still follows the procedure of subtracting angles for division, since a 
real number has a phase angle of 0°. As examples, 


i0- 1070? 4. jas. ans 
5 730° = 5 730° = 2 = 30° 
= 2 /~30° 
i 10/0 e er 
TE 5 /-30°- ae) 
= 2 /+30° 


Stated another way, we can say that the reciprocal of an angle is the same angle 
but with opposite sign. Note that this operation is similar to working with powers of 
10. Angles and powers of 10 follow the general rules of exponents. 


E 24-8 Self-Review 
Answers at the end of the chapter. 
a. 6/20° x 2 /30° =? 
b. 6/20° +2 /30° =? 


24-9 Converting Polar to 
Rectangular Form 


Complex numbers in polar form are convenient for multiplication and division, but 
they cannot be added or subtracted if their angles are different because the real and 
imaginary parts that make up the magnitude are different. When complex numbers 
in polar form are to be added or subtracted, therefore, they must be converted into 
rectangular form. 
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CALCULATOR 


Conversion to rectangular form 
can be done fast with a 
calculator. Again, some scientific 
calculators contain conversion 
keys that make going from polar 
coordinates to rectangular 
coordinates a simple four-key 
procedure. Check your calculator 
manual for the exact procedure. 
If your calculator does not have 
this capability, use the following 
routine. Punch in the value of the 
angle 0 in degrees. Make sure 
that the correct sign is used and 
the calculator is set to handle 
angles in degrees. Find cos @ or 
sin 8, and multiply by the 
magnitude for each term. 
Remember to use cos @ for the 
real term and sin 8 for the j term. 
For the example of 100 /30°, 
punch in the number 30 and press 
the key for 0.866 as cos 0. 
While it is on the display, press 
the (x) key, punch in 100, and 
press the (E) key for the answer 
of 86.6 as the real term. Clear 
the display for the next operation 
with sin 0. Punch in 30, push 

the GIN) key for 0.5 as sin 9, 
press the (x) key, punch in 100, 
and push the E) key for the 


answer of 50 as the j term. 
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Figure 24-9 Converting the polar form of Z/8 to the rectangular form of R + jX. (a) The 
positive angle @ in the first quadrant has a +j term. (b) The negative angle —0 in the fourth 
quadrant has a —j term. 


Z cos 0 = real term for R 


XJ 


z/o Zsinĝ=+j Zsinĝ=-j 
term z/-6 term 
for XL [=e for Xe 


Z cos 0 = real term for R 


(a) (b) 


Consider the impedance Z/0 in polar form. Its value is the hypotenuse of a right 
triangle with sides formed by the real term and j term in rectangular coordinates. 
See Fig. 24-9. Therefore, the polar form can be converted to rectangular form by 
finding the horizontal and vertical sides of the right triangle. Specifically, 


Real term for R = Z cos 0 
j term for X = Z sin 0 


In Fig. 24-9a, assume that Z /@ in polar form is 5 /37°. The sine of 37° is 0.6 
and its cosine is 0.8. 
To convert to rectangular form, 


R=Zcos0@=5xX08=4 
X=Zsn0=5x0.6=3 


Therefore, 
5/37? =44j3 


This example is the same as the illustration in Fig. 24-8. The + sign for the j term 
means that it is X,, not Xo. 

In Fig. 24-9, the values are the same, but the j term is negative when 0 is nega- 
tive. The negative angle has a negative j term because the opposite side is in the 
fourth quadrant, where the sine is negative. However, the real term is still positive 
because the cosine is positive. 

Note that R for cos ĝis the horizontal component, which is an adjacent side of the 
angle. The X for sin 8 is the vertical component, which is opposite the angle. The +X 
is X,; the —X is Xo. 

These rules apply for angles in the first or fourth quadrant, from 0 to 90° or from 
0 to —90°. As examples, 


14.14 /45° = 14.14 cos 45° + 14.14 sin 45° = 10 + j10 
14.14 /—45° = 14.14 cos (—45°) + 14.14 sin (—45°) = 10 + j(—10) 
=10—j10 
10 /90° = 0 + j10 
10 /-90° = 0 — j10 
100 /30° = 86.6 + j50 
100 /-30° = 86.6 — j50 
100 /60° = 50 + j86.6 
100 /—60° = 50 — j86.6 
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GOOD TO KNOW 


It is important to note that 
complex numbers expressed in 
polar form can be added or 
subtracted if their phase angles 


are exactly the same. 


Complex Numbers for AC Circuits 


When going from one form to the other, keep in mind whether the angle is 
smaller or greater than 45° and whether the j term is smaller or larger than the real 
term. For angles between 0 and 45°, the opposite side, which is the j term, must be 
smaller than the real term. For angles between 45 and 90°, the j term must be larger 
than the real term. 

To summarize how complex numbers are used in AC circuits in rectangular and 
polar form: 


1. For addition or subtraction, complex numbers must be in rectangular 
form. This procedure applies to the addition of impedances in a series 
circuit. If the series impedances are in rectangular form, combine all the 
real terms and the j terms separately. If the series impedances are in polar 
form, they must be converted to rectangular form to be added. 

2. For multiplication and division, complex numbers are generally used in 
polar form because the calculations are faster. If the complex number is 
in rectangular form, convert to polar form. With the complex number 
available in both forms, you can quickly add or subtract in rectangular 
form and multiply or divide in polar form. Sample problems showing 
how to apply these methods in AC circuits are given in the following 
sections. 


E 24-9 Self-Review 


Answers at the end of the chapter. 


Convert to rectangular form. 
a. 14.14 /45°. 
b. 14.14 /-45°. 


24-10 Complex Numbers in Series 
AC Circuits 


Refer to Fig. 24-10. Although a circuit like this with only series resistances and 
reactances can be solved graphically with phasor arrows, the complex numbers 
show more details of the phase angles. 


Z, in Rectangular Form 
The total Z, in Fig. 24—10a is the sum of the impedances: 
Z,=24+j44+4—j12 
=6- 8 


The total series impedance then is 6 — j8. Actually, this amounts to adding all the 
series resistances for the real term and finding the algebraic sum of all series reac- 
tances for the j term. 


Z- in Polar Form 


We can convert Z, from rectangular to polar form as follows: 


Z, = 6 — j8 
= V36 + 64 /arctan —8/6 
= v 100 /arctan —1.33 
= 10/7 -53° Q 
The angle of —53° for Z} means that the applied voltage and the current are 53° 
out of phase. Specifically, this angle is 6,. 
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Figure 24-10 Complex numbers applied to series AC circuits. See text for analysis. (a) Circuit with series impedances. 
(b) Current and voltages in the circuit. (c) Phasor diagram of current and voltages. 


R x Va, = IR, = V=x= 
1= pS 8 /143° 
22 j4Q 
Z; = 6 —j8 Q, or 7 
Zr = 10/-53° Q V;=20/0°V 
R= Xc= 
4Q -j12 Q a 
J 8/53° 24 / -37 
(a) (b) 


A 1=2/53° A 
L 


V. = IX, = 8/143° V 
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Vr =20/0° V 


Vc = 24 /-37° V 
(c) 


Calculating / 


The reason for the polar form is to divide the applied voltage V, by Z to calculate 
the current Z. See Fig. 24—10b. Note that the V, of 20 V is a real number without any 
j term. Therefore, the applied voltage is 20 /0°. This angle of 0° for V, makes it the 
reference phase for the following calculations. We can find the current as 


= Ve 20 70°. se 
I= 7 = 79 [53 faze = 20° - 53°) 
=2 /53°A 


Note that Z, has a negative angle of —53° but the sign changes to +53° for I 
because of the division into a quantity with the angle of 0°. In general, the reciprocal 
of an angle in polar form is the same angle with opposite sign. 


Phase Angle of the Circuit 


The fact that Z has an angle of +53° means that it leads V,. The positive angle for 7 
shows that the series circuit is capacitive with leading current. This angle is more 
than 45° because the net reactance is more than the total resistance, resulting in a 
tangent greater than 1. 
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Complex Numbers for AC Circuits 


Finding Each Voltage Drop 


To calculate the voltage drops around the circuit, each resistance or reactance can be 
multiplied by Z: 


Vz, = IR, = 2/53° x 2/0° = 4/53° V 
V, = IX, = 2/53° x 4/90° = 8/143° V 

Vo = IXe = 2/53° x 12/-90° = 24/-37° V 
Vp, = IR, = 2/53° x 4/0° = 8/53° V 


Phase Angle of Each Voltage 


The phasors for these voltages are in Fig. 24—10c. They show the phase angles using 
the applied voltage V,, as the zero reference phase. 

The angle of 53° for V}, and Vp}, shows that the voltage across a resistance has the 
same phase as 7. These voltages lead V, by 53° because of the leading current. 

The angle of —37° for V, means that it lags the generator voltage V, by this much. 
However, this voltage across X; still lags the current by 90°, which is the difference 
between 53° and —37°. 

The angle of 143° for V, in the second quadrant is still 90°, leading the current at 
53° because 143° — 53° = 90°. With respect to the generator voltage V,,, though, the 
phase angle of V, is 143°. 


Total Voltage V, Equals the Phasor Sum 
of the Series Voltage Drops 
If we want to add the voltage drops around the circuit and find out whether they 
equal the applied voltage, each V must be converted to rectangular form. Then these 
values can be added. In rectangular form, then, the individual voltages are 
Vp, = 4/53° = 2.408 + j3.196 V 
V, = 8/143° = -6.392 + 74.816 V 
Vo = 244-37° = 19.176 — j14.448 V 
Vp, = 8/53° = 4.816 + j6.392 V 
Total V = 20.008 — j0.044 V 
or converting to polar form, 


V,=20/0° V_ approximately 


Note that for 8 /143° in the second quadrant, the cosine is negative for a negative 
real term but the sine is positive for a positive j term. 


E 24-10 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 24-10. 
a. What is the phase angle of J with reference to V}? 
What is the phase angle of V, with reference to V}? 
c. What is the phase angle of V, with reference to Vg? 


24-11 Complex Numbers in Parallel 
AC Circuits 


A useful application is converting a parallel circuit to an equivalent series circuit. 
See Fig. 24-11, with a 10-Q X, in parallel with a 10-Q R. In complex notation, R is 
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Figure 24-11 Complex numbers used for a parallel AC circuit to convert a parallel bank 
to an equivalent series impedance. 


jog 102 = 


(a) (b) 


10 + jO and X, is 0 + j10. Their combined parallel impedance Z, equals the product 
divided by the sum. For Fig. 24-1 1a, then, 


(10+ j0)x(0+j10) _10xj10 j100 


“r= (10+ j0) + 0 +j10) ~ 10 +10 ~ 10 +10 
jio 
~ 14+ yl 


Converting to polar form for division, 


_ J100 — 100/02 _ ə 
Anr aa aae TA 


Converting the Z, of 7.07 /45° into rectangular form to see its resistive and reactive 
components, 


Real term = 7.07 cos 45° 


= 7.07 x 0.707 =5 
j term = 7.07 sin 45° 
= 7.07 x 0.707 =5 


Therefore, 


Z = 7.07 /45° in polar form 
Zy=54+j5 in rectangular form 


The rectangular form of Z, means that a 5-Q R in series with a 5-Q X, is the 
equivalent of 10-Q R in parallel with 10-Q X,, as shown in Fig. 24-11. 


Admittance Yand Susceptance & 


In parallel circuits, it is usually easier to add branch currents than to combine recip- 
rocal impedances. For this reason, branch conductance G is often used instead of 
branch resistance, where G = 1/R. Similarly, reciprocal terms can be defined for 
complex impedances. The two main types are admittance Y, which is the reciprocal 
of impedance, and susceptance B, which is the reciprocal of reactance. These recip- 
rocals can be summarized as follows: 


Conductance = G = ts (24-4) 
-p= l 

Susceptance = B = 7x5 (24-5) 

Admittance = Y = 58 (24-6) 


With R, X, and Z in units of ohms, the reciprocals G, B, and Y are in siemens 
(S) units. 
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The phase angle for B or Y is the same as that of the current. Therefore, the sign 
is opposite from the angle of X or Z because of the reciprocal relation. An inductive 
branch has susceptance —jB, whereas a capacitive branch has susceptance +jB, with 
the same angle as a branch current. 

For parallel branches of conductance and susceptance, the total admittance 
Y, = G + JB. For the two branches in Fig. 24-1 1a, as an example, G is 0.1 and B is 
also 0.1. 


In rectangular form, 
Y,=0.1 —j0.1S 
In polar form, 
Y, = 0.14 /-45°S 


This value for Y, is the same as J, with 1 V applied across Z, of 7.07 /A5° Q. 

As another example, suppose that a parallel circuit has 4 Q for R in one branch 
and —j4 Q for Xo in the other branch. In rectangular form, then, Y, is 0.25 + 
j0.25 S. Also, the polar form is Y, = 0.35 /45° S. 


E 24-11 Self-Review 
Answers at the end of the chapter. 


a. AZ of3+ /4Q is in parallel with an R of 2 Q. State Z, in rectangular 
form. 
b. Do the same as in a for X, instead of X,. 


24-12 Combining Two Complex 
Branch Impedances 


A common application is a circuit with two branches Z, and Z,, where each is a 
complex impedance with both reactance and resistance. A circuit such as that in 
Fig. 24-12 can be solved only graphically or by complex numbers. Actually, using 
complex numbers is the shortest method. 

The procedure here is to find Z, as the product divided by the sum of Z, and Z,. 
A good way to start is to state each branch impedance in both rectangular and polar 
forms. Then Z, and Z, are ready for addition, multiplication, and division. The solu- 
tion of this circuit is as follows: 


Z, =6 + j8 = 10 /53° 
Z, =4 — j4 = 5.66 /—45° 


The combined impedance is 


ZXZ 
LET 


MultiSim igure indin or any two complex impedances Z, an in parallel. 
MMEA Figure 24-12 Finding Z, for any plex imped Z, and Z, in parallel 
See text for solution. 


A A 


4Q 


-j4 Q 
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Use the polar form of Z, and Z, to multiply, but add in rectangular form: 


z, = 10/532 x 5.66/—45° 
6+j8+4-j4 


_ 56.6/8° 


10 +74 
Converting the denominator to polar form for easier division, 


10 + j4= 10.8 /22° 


Then 


— 56.6/8° _ 140 
ai 10.8/22° — pe ee 
We can convert Z, into rectangular form. The R component is 5.24 X cos (- 14°) 
or 5.24 x 0.97 = 5.08. Note that cos 0 is positive in the first and fourth quadrants. 
The j component equals 5.24 x sin (—14°) or 5.24 x (—0.242) = —1.27. In rectangu- 
lar form, then, 


Z, = 5.08 — j1.27 


Therefore, this series-parallel circuit combination is equivalent to 5.08 Q of R in 
series with 1.27 Q of X. Notice that the minus j term means that the circuit is capaci- 
tive. This problem can also be done in rectangular form by rationalizing the fraction 


for Z,. 
E 24-12 Self-Review 


Answers at the end of the chapter. 


Refer to Fig. 24-12. 
a. Add (6 + j8) + (4 — j4) for the sum of Z, and Z,. 
b. Multiply 10 /53° x 5.66 /—45° for the product of Z, and Z,. 


24-13 Combining Complex 
Branch Currents 


Figure 24-13 gives an example of finding /, for two branch currents. The branch 
currents can just be added in rectangular form for the total 7, of parallel branches. 
This method corresponds to adding series impedances in rectangular form to find 
Z,. The rectangular form is necessary for the addition of phasors. 

Adding the branch currents in Fig. 24-13, 


I,=1,+1, 
= (6 + j6) + 3 -j4 
=9+j2A 


Figure 24-13 Finding /, for two branch currents in parallel. 


Branch Branch 
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Complex Numbers for AC Circuits 


Note that 7, has +j for the +90° of capacitive current, and J, has —j for inductive 
current. These current phasors have signs opposite from their reactance phasors. 

In polar form, the Z, of 9 + j2 A is calculated as the phasor sum of the branch 
currents. 


I, = VP +2 = V85 


=9.22 A 
tan 0 = 3 = 0.222 
6, = arctan (0.22) 
= 12.53° 


Therefore, /, is 9 + j2 A in rectangular form or 9.22 /12.53° A in polar form. The 
complex currents for any number of branches can be added in rectangular form. 


E 24-13 Self-Review 


Answers at the end of the chapter. 


a. Find J, in rectangular form for Z, of 0 + j2 A and J, of 4 + 73 A. 
b. Find J, in rectangular form for J, of 6 + j7 A and Z, of 3 — j9 A. 


24-14 Parallel Circuit with Three 
Complex Branches 


Because the circuit in Fig. 24-14 has more than two complex impedances in paral- 
lel, use the method of branch currents. There will be several conversions between 
rectangular and polar form, since addition must be in rectangular form, but division 
is easier in polar form. The sequence of calculations is 


1. Convert each branch impedance to polar form. This is necessary for 
dividing into the applied voltage V, to calculate the individual branch 
currents. If V, is not given, any convenient value can be assumed. Note 
that V, has a phase angle of 0° because it is the reference. 

2. Convert the individual branch currents from polar to rectangular form so 
that they can be added for the total line current. This step is necessary 
because the resistive and reactive components must be added separately. 

3. Convert the total line current from rectangular to polar form for dividing 
into the applied voltage to calculate Z,. 

4. The total impedance can remain in polar form with its magnitude and 
phase angle or can be converted to rectangular form for its resistive and 
reactive components. 


Figure 24-14 Finding Z, for any three complex impedances in parallel. See text for 
solution by means of branch currents. 


Z Z2 Z3 
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These steps are used in the following calculations to solve the circuit in 
Fig. 24-14. All the values are in A, V, or Q units. 
Branch Impedances 
Each Z is converted from rectangular form to polar form: 


Z, = 50 — j50 = 70.7 /-45° 
Z, = 40 + j30 = 50 /+37° 
Z, = 30 + j40 = 50 /+53° 


Branch Currents 


Each J is calculated as V, divided by Z in polar form: 


= Va MOA igid 445° = 1 4j1 


== 707 /-45° 
_ Va _ 100/02 _ ons : 
L= Z = 30/437 = 2.00 /-37° = 1.6- j1.2 


_ Va __100/0° _ a ! 
I= Zh = 30457 720/53 =1.2-j1.6 


The polar form of each / is converted to rectangular form for addition of the 
branch currents. 


Total Line Current 
In rectangular form, 


L=L+L+L 
= (1 +j1) + (1.6 -j1.2) + (1.2 -j1.6) 
=1+1.6+1.2+jl-jl.2-j1.6 
=3.8-j1.8 


Converting 3.8 — j1.8 into polar form, 


I, =4.2/-25.4° 


Total Impedance 


In polar form, 


An Va _ _ 100/0° 
I, 4.2/-25.4° 
= 23.8 /+25.4° Q 


Converting 23.8 /+ 25.4° into rectangular form, 
Z, = 21.54 j10.2Q 


Therefore, the complex AC circuit in Fig. 24-14 is equivalent to the combination of 
21.5 Q of R in series with 10.2 Q of X,. The circuit is inductive. 

This problem can also be done by combining Z, and Z, in parallel as Z,Z,/(Z, + Z,). 
Then combine this value with Z, in parallel to find the total Z, of the three branches. 


E 24-14 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 24-14. 
a. State Z, in rectangular form for branch 2. 
. State Z, in polar form. 
c. Find Z. 
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Summary 


In complex numbers, resistance Ris 
a real term and reactance is aj term. 
Thus, an 8-Q Ris 8; an 8-Q X, is j8; 
an 8-Q X- is —j8. The general form of 
a complex impedance with series 
resistance and reactance, then, is 
Z= R + jX, in rectangular form. 


The same notation can be used for 
series voltages where V, = Vg + jVy. 


For branch currents /, = /, + jl, but 
the reactive branch currents have 
signs opposite from impedances. 
Capacitive branch current is jle, and 
inductive branch current is —j/,. 


The complex branch currents are 
added in rectangular form for any 
number of branches to find 4. 


Important Terms 


Admittance, Y — the reciprocal of 
impedance or Y= 1/Z. The unit of 
admittance is siemens (S). 


Complex number — the combination of 
areal and an imaginary term. 
Complex numbers can be expressed 
in either rectangular or polar form. 


Imaginary number — a number on the 
j axis is called an imaginary number 
because it is not on the real axis. (Any 
quantity at right angles to the zero 
axis, or at 90°, is considered on the 
j axis.) 

j operator — the j operator indicates a 
phase angle of either plus or minus 


Related Formulas 


Z =Z +Z +Z +--+ etc. (Series impedances) 


1 


225 
[ae (Two parallel impedances) 


Complex Numbers for AC Circuits 


Z=ztgytet -+-+ etc. (Parallel impedances) 
Z 


To convert from rectangular to polar 
form: R + jX = Z, Z8. The angle is 6. 
The magnitude of Z, is VR? + X?. 
Also, 8, is the angle with tan = X/R. 


To convert from polar to rectangular 
form, Z; JO, =R + jX, where Ris Z, 
cos @, and the j term is Z sin @,.A 
positive angle has a positive j term; 
a negative angle has a negative j 
term. Also, the angle is more than 
45° for aj term larger than the real 
term; the angle is less than 45° for a 
jterm smaller than the real term. 


The rectangular form must be used 
for addition or subtraction of 
complex numbers. 


The polar form is usually more 
convenient in multiplying and 


90°. For example, +/1 kQ indicates 

1 kQ of inductive reactance, X,, on 
the +j axis of 90°. Similarly, —/1 kQ 
indicates 1 kQ of capacitive 
reactance, X., on the —j axis of —90°. 


Polar form — the form of a complex 
number that specifies its magnitude 
and phase angle. The general form of 
a complex number expressed in polar 
form is r40 where ris the magnitude 
of the resultant phasor and @is the 
phase angle with respect to the 
horizontal or real axis. 


Admittance = Y 


Susceptance = B= 


al 
=Z 


dividing complex numbers. For 
multiplication, multiply the 
magnitudes and add the angles; for 
division, divide the magnitudes and 
subtract the angles. 


To find the total impedance Z, of a 
series circuit, add all resistances for 
the real term and find the algebraic 
sum of the reactances for the j term. 
The result is Z, = R + jX. Then 
convert Z, to polar form for dividing 
into the applied voltage to calculate 
the current. 


To find the total impedance Z, of two 
complex branch impedances Z, and 
Z, in parallel, Z, can be calculated as 


ZZ/Z +Z). 


Real number — any number on the 
horizontal axis, either positive (0°) or 
negative (180°). 

Rectangular form — the form of a 
complex number that specifies the 
real and imaginary terms individually. 
The general form of a complex 
number specified in rectangular form 
is a + jb where a is the real term and 
+ jb is the imaginary term at + 90°. 


Susceptance, B — the reciprocal of 
reactance or B = 1/+ X. The unit of 
susceptance is siemens (S). 
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Self-Test 


Answers at the back of the book. 


1. Numbers on the horizontal axis are 


called 
a. imaginary numbers. 
b. conjugate numbers. 


. real numbers. 


oO 


d. complex numbers. 


. Numbers on the plus or minus j axis 
are called 


a. imaginary numbers. 
b. conjugate numbers. 


. real numbers. 


oO 


d. complex numbers. 


. A value of —j500 Q represents 

a. 500 Q of inductive reactance. 
b. 500 Q of capacitive reactance. 
c. 500 Q of resistance. 

d. 500 Q of conductance. 


. An inductive reactance of 20 Q can 
be expressed as 


a. +20 Q. 
b. P20 Q. 

c. —j20 Q. 
d.+j20Q. 


. A series AC circuit consists of 10 Q 
of resistance and 15 Q of inductive 
reactance. What is the impedance of 
this circuit when expressed in polar 
form? 


a. 15Q+j0Q. 
b. 18256.3° Q. 
c. 18233.7° Q. 
d. 25456.3° Q. 


. An AC circuit has an impedance, Z, 
of 502—36.87° Q. What is the 
impedance of this circuit when 
expressed in rectangular form? 


Essay Questions 


Give the mathematical operator for the angles of 0°, 


90°, 180°, 270°, and 360°. 


Define the sine, cosine, and tangent functions of an 


angle. 


10. 


a. 40 Q — j30Q. 
b. 40 Q + j30Q. 
c. 302+ j40Q. 
d.30Q —j40Q. 


. When adding or subtracting 


complex numbers, all numbers 
must be in 


a. polar form. 
b. scientific notation. 
c. rectangular form. 


d. none of the above. 


. When multiplying complex numbers 


in polar form, 


a. multiply the magnitudes and 
subtract the phase angles. 


b. multiply the magnitudes and add 
the phase angles. 


c. multiply the angles and add the 
magnitudes. 


d. multiply both the magnitudes and 
phase angles. 


. When dividing complex numbers in 


polar form, 


a. divide the magnitudes and 
subtract the phase angles. 


b. divide the magnitudes and add the 
phase angles. 


c. divide the phase angles and 
subtract the magnitudes. 


d. divide both the magnitudes and 
phase angles. 


What is the admittance, Y, of a 
parallel branch whose impedance is 


200 2—63.43° Q? 
a.52Z—63.43° mS. 
b.52426.57° mS. 
c. 200463.43 mS. 
d. 5263.43 mS. 


11. 


12. 


13. 


14. 


15. 


In complex numbers, j? 
corresponds to 


a. 180°. 

b.—1. 

c. —90°. 

d. both a and b. 


Susceptance, B, is 
a. the reciprocal of impedance. 
b. the reciprocal of reactance. 


c. the reciprocal of resistance. 


d. the same as conductance. 


A branch current of +j250 mA 
represents 


a. 250 mA of inductive current. 
b. 250 mA of resistive current. 
c. 250 mA of capacitive current. 


d. 250 mA of in-phase current. 


A parallel AC circuit has an 
admittance, Y,, of 6 mS + j8 mS. 
What is the impedance, Z, in polar 
form? 


a. 10245° kQ. 

b. 100.253.13° Q. 
c 1004—53.13° Q; 
d. 14.253.13° Q. 


What is the resistance, R, of an AC 
circuit whose impedance, Z, is 


300.253.13° Q? 
a. 240 Q. 

b. 180 Q. 

c. 270 Q. 

d. 60 Q. 


4. What are the units for admittance Y and susceptance B? 


5. Why do Z, and |, for a circuit have angles with opposite 


signs? 


Compare the following combinations: resistance R and 
conductance G; reactance X and susceptance B; 


impedance Z and admittance Y. 
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Problems 


SECTION 24-1 POSITIVE AND NEGATIVE NUMBERS 
24-1 What is the phase angle for 
a. positive numbers on the horizontal or x axis? 


b. negative numbers on the horizontal or x axis? 


24-2 What factor corresponds to a phase angle of 
a. O°? 
b. 180°? 


SECTION 24-2 THE/ OPERATOR 


24-3 What is the name of the axis at right angles to the real 
or horizontal axis? 


24-4 What is the phase angle for numbers on the 
a. +j axis? 
b. —j axis? 


24-5 What is the name given to numbers on the 
a. horizontal axis? 


b. jaxis? 


24-6 List the phase angle for each of the following factors: 
a. +1. 
b. —1. 
+j. 


wo a p 
Jd 


24-7 What do the following numbers mean? 
a. J25. 
b. —/36. 


SECTION 24-3 DEFINITION OF A COMPLEX 
NUMBER 
24-8 What is the definition of a complex number? 


24-9 In what form is the complex number 100 Q + j400 Q? 


24-10 For the complex number 8 + j6, identify the real and 
imaginary terms. 


24-11 In each of the following examples, identify when the 
phase angle is less than 45°, greater than 45°, or equal 


to 45°: 

a. 34/5. 

b. 180 + j60. 
40 — j40. 
. 100 — j120 

e. 40 + j30. 


SECTION 24-4 HOW COMPLEX NUMBERS ARE 
APPLIED TO AC CIRCUITS 


24-12 |s a resistance value considered a real or imaginary 
number? 


24-13 What is the phase angle of a positive real number? 
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24-14 Express the following quantities using the j operator. 
a. 50 Q of X,- 
b. 100 Q of Xo- 
c. V of 25V- 
d. V.of 15V. 
e. 4Aof /- 
f. 600 mA of le- 


SECTION 24-5 IMPEDANCE IN COMPLEX FORM 
24-15 Express the following impedances in rectangular form. 
OQ of Rin series with 20 Q of X.. 

OQ of X in series with 15 Q of R. 

c. OQ of Rin series with 1 kQ of Xe. 

d. 1.5 KQ of Rin series with 2 kQ of X.. 

e. 150 Q of Rin series with O Q of X. 

f. 75 Q of Rin series with 75 Q of X.. 


o u 


24-16 In the following examples, combine the real terms and 
jterms separately, and express the resultant values in 
rectangular form. 


a. 40 Q of R in series with 30 Q of X. and 60 Q of X,- 
b. 500 Q of Rin series with 150 Q of X, and 600 Q of Xo. 


c. 1 kQ of X; in series with 2 kQ of X, 3 kQ of R, and 
another 2 kQ of R. 


SECTION 24-6 OPERATIONS WITH COMPLEX 
NUMBERS 
24-17 Add the following complex numbers: 
a. (6 + j9) + (9 + j6). 
b. (25 +j10) + (15 — j30)- 
. (O + j100) + (200 + j50). 
. (60 — j40) + (40 — j1 0). 
. (12 + jO) + (24 — j48). 


n 


a 


M 


24-18 Multiply or divide the following j terms and real 
numbers: 


a. jlO0 x5. 

b. —j60 x (—4). 
c. —j8 xX 9. 

d. j4 x (—8). 

e. j100 + 20. 

f. —j600 +6. 

g. —j400 + (—20). 
h. j16 + (8). 


24-19 Multiply or divide the following j terms. 
a. j8 X j9. 

b. —/12 x j5- 

. —j7 X (-/4)- 

. J3 X jB- 

j12 =+ j6. 

—j100 + j8. 

. —j250 + (—j10). 

. j1000 + (—j40)- 


za hoan 
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24-20 Multiply the following complex numbers: 
a. 34+/5) x (4+/3). 
b. (6 — j8) x (8+ j6). 
c. 124+ /3) x (54+ )9). 
d. (4-—j2)x(8-/12). 


24-21 Divide the following complex numbers: 
a. (15 —j3)+(10+/4). 
b. (6 + j3) + (24 — j8). 
c. (10 + j2) + (20 — j4). 
d. (2 — j6) + (4 — j4). 


SECTION 24-7 MAGNITUDE AND ANGLE OF A 
COMPLEX NUMBER 


24-22 Calculate the resultant magnitude and phase angle for 
each of the following complex numbers expressed in 
rectangular form: 


a. 5— j8. 
b. 10+/15. 
c. 100 + j50. 
d. 20 —/35. 
e. 150 + j200. 
f. 75 —j75. 
g 
h 


. O+ 100. 
. 100 + jO. 
i. 10 — j40. 
j. 2000 — j6000. 


SECTION 24-8 POLAR FORM OF COMPLEX 
NUMBERS 


24-23 Convert the following complex numbers, written in 
rectangular form, into polar form: 


a. 10+/10. 
b. 8=/10. 

c. 12+j18. 
d. 140 — j55. 


24-24 Multiply the following complex numbers expressed in 
polar form: 


a. 50230° x 24—65°. 

b. 34—15° x 52—40°. 

c. 9Z20° X 8230°. 

d. 152—70° x 410°. 

e. 2X 1502—45°. 

f. 10002—90° x 0.5290°. 
g. 40225° x 1.5. 


24-25 Divide the following complex numbers expressed in 
polar form: 


a. 482—80° + 16245°. 

b. 120260° + 242—90°. 
1722—45° + 43.2—45°. 
. 210422° + 452—44°. 

. 180475° +6. 

f. 750280° + 30. 

g. 2500450° + 200. 


ap 
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SECTION 24-9 CONVERTING POLAR TO 
RECTANGULAR FORM 


24-26 Convert the following numbers expressed in polar 
form into rectangular form: 


a. 50245°. 
b. 100260°. 

c. 2502—53.13° 
d. 10002—30°. 
e. 120°. 

f. 1802-78.5°. 
g. 5236.87°. 

h. 25215°. 

i. 45.2100°. 

j. 602-902. 

. 100253.13°. 
. 40290°. 


SECTION 24-10 COMPLEX NUMBERS IN SERIES AC 
CIRCUITS 
24-27 In Fig. 24-15, state 
a. Z in rectangular form. 
b. Zin polar form. 


c. Lin polar form. 


d. V} in polar form. 
e. V in polar form. 
f. Voin polar form. 
Figure 24-15 
R=300 
V; =100/0° V X,=702 
X= 302 
24-28 Repeat Prob. 24—27 for Fig. 24-16. 
Figure 24-16 
X, =7209 
Vz = 12/0? V Xe = 960.2 
R=3202 
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SECTION 24-11 COMPLEX NUMBERS IN PARALLEL 
AC CIRCUITS 


24-29 In Fig. 24-17, state the total impedance, Z,, in both 
polar and rectangular form. Use Formula (24-3) to 
solve for Z,. 


Figure 24-17 


R=402 X,=60Q2 


24-30 In Fig. 24-17, state the total admittance, Y}, in both 
polar and rectangular form. Using the polar form of Yy, 
solve for Z,. 


24-31 In Fig. 24—18, state the total admittance, Y}, in both 
rectangular and polar form. Solve for Z, from Y}. 


Figure 24-18 


R=50Q X_ = 150 Q 


24-32 In Fig. 24—18, solve for the total impedance, Z,, using 
Formula (24-3). State Z in both polar and rectangular 
form. 


24-33 Draw the equivalent series circuit for the circuit in 
a. Fig. 24-17. 
b. Fig. 24-18. 


SECTION 24-12 COMBINING TWO COMPLEX 
BRANCH IMPEDANCES 
24-34 In Fig. 24-19, 
a. state Z, in both rectangular and polar form. 
b. state Z, in both rectangular and polar form. 


c. state Z in both rectangular and polar form. 
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Figure 24-19 


Branch 1 Branch 2 


Z Z2 


Xc=1.5kQ 
Vr = 24 /0° V 
R=15kQ 


h 


24-35 Repeat Prob. 24—34 for Fig. 24—20. 


Figure 24-20 


Branch 1 Branch 2 


R=20Q 


Vr = 50/0° V 


SECTION 24-13 COMBINING COMPLEX BRANCH 
CURRENTS 
24-36 In Fig. 24-19, 
a. state the branch current, /,, in both polar and 
rectangular form. 


b. state the branch current, /5, in both polar and 
rectangular form. 


c. state the total current, l+, in both polar and 
rectangular form. 


24-37 Repeat Prob. 24—36 for Fig. 24—20. 


SECTION 24-14 PARALLEL CIRCUIT WITH THREE 
COMPLEX BRANCHES 
24-38 In Fig. 24-21, 
a. state Z, in polar form. 
b. state Z, in polar form. 
state Z, in polar form. 
state /, in polar and rectangular form. 
state /, in polar and rectangular form. 
state /, in polar and rectangular form. 


state /; in polar and rectangular form. 


7a 7 oO a0 


. state Z, in polar and rectangular form. 
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Figure 24-21 


Branch 1 
Z 


Branch 2 


Branch 3 


Critical Thinking 


24-39 In Fig. 24-22, calculate the input voltage V,,, in polar 
form. 


Figure 24-22 Circuit for Critical Thinking Prob. 24-39. 


R,=502 


R, = 3002 
nA) ? 


c Xa = 200 2 


Vo, = 9.19/-16.67° V 


Answers to Self-Reviews 24-1 a. 0° 
b. 180° 


24-2 a. 90° 
b. —90 or 270° 


24-3 a. true 
b. true 


24-4 a. j3kQ 
b. —j5 mA 


24-5 a. 4+ j7 
b. O-j7 


24-6 a. 5+ j7 
b. 4+j6 


24-7 a. 14.14 Q 
b. 45° 


24-8 a. 12/50° 


b. 3 A10° 


. (6 — j8)/65 — j4 


10+j10 


. 10-j10 


53° 


- 143° 


90° 


ww 


(6 + j8)/(5 + j4 


ww 


O+/4 


. 56.6/8° 


A+j5A 


.9—j2A 


40 + j30 


. 50/37° Q 


. 2/-37°A 
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Laboratory Application Assignment 


In this lab application assignment, you will examine how Circuit Measurements 


complex numbers can be used to solve an AC circuit containing Cowie We direit Pie, 203) Cometae] i ec the 
both series and parallel impedances. More specifically, you will 
Pas murmers salve pele the ea og: measure the output voltage. Set the amplitude of the input 

E eiaa OUR DU EN Oise eae caren le Reale voltage to 10 Vp, and adjust the frequency to approximately 


Finally, you will build the RC network and confirm, through 16 kHz. Measure and record the magnitude of the output 
measurement, that your calculations are correct. Valscen ay 


a out out 7 


oscilloscope to measure the input voltage and channel 2 to 


Equipment: Obtain the following items from your instructor. What is the ratio of V/V, at 16 kHz? / 

* Function generator 

* Oscilloscope While viewing both V,, and V,,, on the oscilloscope, measure 

* Two 1-kQ resistors and two 0.01-"F capacitors and record the phase angle, 0, that exists between them. 
d= 


Circuit Calculations 


Adjust the frequency dial above and below 16 kHz. What 
Examine the RC network in Fig. 24—23. Note the frequency, happens to the magnitude of the output voltage as the 
magnitude, and phase angle of the input voltage, V,,. With the frequency is increased and decreased from 16 kHz? 
use of complex numbers, calculate the magnitude and phase 
angle of the output voltage, V, Show all your work in the What happens to the phase relationship between V, and V, as 
space provided below. Circle your final answer. the frequency is increased and decreased from 16 kHz? 


Hint: Convert the parallel connection of R, and C, into an equivalent 
series circuit. 


Figure 24-23 


C,=0.014F R =1kQ 


Vn = 10/0° Vp. 
f = 15.915 kHz 


Complex Numbers for AC Circuits 769 


Cumulative Review Summary (Chapters 23-24) 


e Reactances X; and X, are opposite. In 
series, the ohms of X, and X, cancel. 
In parallel, the branch currents /. and 
l, cancel. 


e Asaresult, circuits with R, Xc, and X, 
can be reduced to one net reactance 
X and one equivalent R. 

e In series circuits, the net Xis added 
with the total R by phasors for the 
impedance: Z, = VR? + X?. Then 
L= VZ 

e For branch currents in parallel 
circuits, the net |, is added with /, 
by phasors for the total line current: 
h = Vlg + lg. Then Zeo = V/h. 

e The characteristics of ohms of R, Xc, 


Xp’ and Zin AC circuits are compared 
in Table 23-1. 


Cumulative Self-Test 


Answers at the back of the book. 
Fill in the numerical answer. 


1. An AC circuit with 100-Q R; in series 


with 200-Q R, has R, of Q. 
2. With 100-Q X, in series with 200-Q 
X,,, the total X, is Q. 
3. For 200-Q X; in series with 100-Q 
Xa» the total Xis Q. 


4. Two X; branches of 500 Q each in 
parallel have combined X; of 


Q. 


5. Two X, branches of 500 Q each in 
parallel have combined X, of 


Q. 


6. A500-Q X is in series with a 300-Q 
Xc- The net X, is Q. 


7. For 500-Q X, in series with 300-Q 
X, the net Xc is Q. 


Design credit Multisim: ©Stockbyte/Getty Images 
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e |n AC circuits with reactance, the real 
power in watts equals /?R. This value 
equals VI cos 0, where @ is the phase 
angle of the circuit and cos @is the 
power factor. 


e The wattmeter uses an AC meter 
movement to read V and / at the 
same time, measuring watts of real 
power. 


e In complex numbers, Ris a real term at 
O° and reactance is a +j term at +90°. 
In rectangular form, Z, = R jX. For 
example, 10 Q of Rin series with 10 
Q of X, is 10+ /10Q. 


e The polar form of 10+ /10 Q is 
14 /45° Q. The angle of 45° is 
arctan X/R. The magnitude of 14 is 
VR? $K. 


8. A 10-Q X is in series with a 10-Q R. 
The total Z is Q. 


9. With a 10-Q X- in series with a 10-Q 
R, the total Z is Q. 


10.With 14 V applied across 14-Q Z,, 
the / is A. 


11. For 10-Q X, and 
phase angle @ is 


O-Q Rin series, the 
degrees. 


O-Q Rin series, the 
degrees. 


12. For 10-Q X, and 
phase angle @ is 


13.A 10-Q X, and a 10-Q Rare in 
parallel across 10 V. The amount of 
each branch / is A. 


14. In Question 13, the total line current 
/, equals A. 


15. In Questions 13 and 14, Z of the 
parallel branches equals Q. 


e The rectangular form of complex 
numbers must be used for addition 
and subtraction. Add or subtract the 
real terms and the j terms separately. 


e The polar form of complex numbers is 
easier for multiplication and division. 
For multiplication, multiply the 
magnitudes and add the angles. For 
division, divide the magnitudes and 
subtract the angle of the divisor. 


e In double-subscript notation for a 
voltage, such as Veg, the first letter in 
the subscript is the point of 
measurement with respect to the 
second letter. So Vg is the base 
voltage with respect to the emitter in 
a transistor. 


16.With 120 V, an / of 10 A, and @ of 
60°, a wattmeter reads W. 


17. The Z of 4 + j4 Q converted to polar 
form is Q. 


18. The impedance value of 8 E 7 
2/30° is equal to 


Answer True/False. 
19. In an AC circuit with X- and Rin 


series, if the frequency is raised, the 
current will increase. 


20. In an AC circuit with X, and Rin 
series, if the frequency is increased, 
the current will be reduced. 


21. The volt-ampere is a unit of apparent 
power. 


22. The polar form of complex numbers 
is best for adding impedance values. 
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chapter 


Resonance 


his chapter explains how X, and X< can be combined to favor one particular 
frequency, the resonant frequency to which the LC circuit is tuned. The 
resonance effect occurs when the inductive and capacitive reactances are equal. 


In radio frequency (rf) circuits, the main application of resonance is for tuning to an 
AC signal of the desired frequency. Applications of resonance include tuning in 
communication receivers, transmitters, and electronic equipment in general. 


Tuning by means of the resonant effect provides a practical application of selectivity. 
The resonant circuit can be operated to select a particular frequency for the output 
with many different frequencies at the input. E 


25-1 The Resonance Effect 25-7 Tuning 

25-2 Series Resonance 25-8 Mistuning 

25-3 Parallel Resonance 25-9 Analysis of Parallel Resonant Circuits 

25-4 Resonant Frequency f. = 1/(2a VLO 25-10 Damping of Parallel Resonant Circuits 

25-5 Q Magnification Factor of a Resonant 25-11 Choosing Land C for a Resonant 
Circuit Circuit 


25-6 Bandwidth of a Resonant Circuit 


After studying this chapter, you should be able to 


m Define the term resonance. B® Calculate the equivalent impedance of a 
List four characteristics of a series resonant parallel resonant circuit. 

circuit. m Explain what is meant by the bandwidth of a 
Æ List three characteristics of a parallel resonant circuit. 

resonant circuit. Œ Calculate the bandwidth of a series or parallel 
= ~~ Explain how the resonant frequency formula resonant circuit. 

is derived. m Explain the effect of varying L or Cin tuning 
B® Calculate the Q of a series or parallel an LC circuit. 

resonant circuit. Ææ Calculate Lor C for a resonant circuit. 


important terms 


antiresonance flywheel effect resonant frequency 
bandwidth half-power points tank circuit 
damping Q of a resonant circuit tuning 
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GOOD TO KNOW 


A resonant LC circuit generally 
has hundreds or thousands of 
signals present at its input, but 
only one is selected to be present 
at its output. For example, the 
antenna for an FM receiver 
intercepts the signals of many 
different FM broadcast stations, 
but by tuning an LC circuit to 
resonance, the listener can select 
only the station he or she would 


like to listen to. 
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25-1 The Resonance Effect 


Inductive reactance increases as the frequency is increased, but capacitive reactance 
decreases with higher frequencies. Because of these opposite characteristics, for any 
LC combination, there must be a frequency at which the X, equals the X, because 
one increases while the other decreases. This case of equal and opposite reactances 
is called resonance, and the AC circuit is then a resonant circuit. 

Any LC circuit can be resonant. It all depends on the frequency. At the resonant 
frequency, an LC combination provides the resonance effect. Off the resonant fre- 
quency, either below or above, the LC combination is just another AC circuit. 

The frequency at which the opposite reactances are equal is the resonant fre- 
quency. This frequency can be calculated as f. = 1/(27VLC), where Lis the induc- 
tance in henrys, C is the capacitance in farads, and f. is the resonant frequency in 
hertz that makes X, = Xc- 

In general, we can say that large values of L and C provide a relatively low reso- 
nant frequency. Smaller values of L and C allow higher values for f.. The resonance 
effect is most useful for radio frequencies, where the required values of microhenrys 
for L and picofarads for C are easily obtained. 

The most common application of resonance in rf circuits is called tuning. In this 
use, the LC circuit provides maximum voltage output at the resonant frequency, 
compared with the amount of output at any other frequency either below or above 
resonance. This idea is illustrated in Fig. 25-1, where the LC circuit resonant at 
1000 kHz magnifies the effect of this particular frequency. The result is maximum 
output at 1000 kHz, compared with lower or higher frequencies. 

Tuning in radio and television receivers is an application of resonance. When 
you tune a radio to one station, the LC circuits are tuned to resonance for that par- 
ticular carrier frequency. Also, when you tune a television receiver to a particular 
channel, the LC circuits are tuned to resonance for that station. There are almost 
unlimited uses for resonance in AC circuits. 


E 25-7 Self-Review 
Answers at the end of the chapter. 


Refer to Fig. 25-1. 
a. Give the resonant frequency. 
b. Give the frequency that has maximum output. 


25-2 Series Resonance 


When the frequency of the applied voltage is 1000 kHz in the series AC circuit in 
Fig. 25—2a, the reactance of the 239-wH inductance equals 1500 Q. At the same 
frequency, the reactance of the 106-pF capacitance also is 1500 Q. Therefore, this 


Figure 25-1 Circuit resonant at f. of 1000 kHz to provide maximum output at this 
frequency. 


500 kHz 


| 


750 kHz Resonant beings 
ee outpu 
1000 kHz LC Cirguit at 1000 kHz 


1 


f= 
22 VLC 


1250 kHz 


= 1000 kHz 
1500 kHz 


ree) 
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Figure 25-2 Series resonance. (a) Schematic diagram of series r., L, and C. (b) Graph to show that reactances X, and X, are 
equal and opposite at the resonant frequency f.. Inductive reactance is shown up for jX, and capacitive reactance is down for —jX-. 


f, = 1000 kHz 


GOOD TO KNOW 


The coil resistance, rs, is usually 
more than just the DC resistance 
of the wire of the coil. At higher 
frequencies, skin effect causes rs 
to be higher than the coil's DC 


resistance alone. 


Resonance 


X. = 2afl 


L = 239 4H Q 
X. = 1500 Q X_=Xc att 


Freq. 


C =106 pF 
Xc = 1500 Q 


LC combination is resonant at 1000 kHz. This is f. because the inductive reactance 
and capacitive reactance are equal at this frequency. 

In a series AC circuit, inductive reactance leads by 90°, compared with the zero 
reference angle of the resistance, and capacitive reactance lags by 90°. Therefore, X, 
and X, are 180° out of phase. The opposite reactances cancel each other completely 
when they are equal. 

Figure 25—2b shows X, and X, equal, resulting in a net reactance of zero ohms. 
The only opposition to current, then, is the coil resistance r,, which limits how low 
the series resistance in the circuit can be. With zero reactance and just the low value 
of series resistance, the generator voltage produces the greatest amount of current in 
the series LC circuit at the resonant frequency. The series resistance should be as 
small as possible for a sharp increase in current at resonance. 


Maximum Current at Series Resonance 


The main characteristic of series resonance is the resonant rise of current to its 
maximum value of V,/r, at the resonant frequency. For the circuit in Fig. 25—2a, the 
maximum current at series resonance is 30 wA, equal to 300 uV /10 Q. At any other 
frequency, either below or above the resonant frequency, there is less current in the 
circuit. 

This resonant rise of current to 30 „A at 1000 kHz is shown in Fig. 25-3. In 
Fig. 25-3a, the amount of current is shown as the amplitude of individual cycles 
of the alternating current produced in the circuit by the AC generator voltage. 
Whether the amplitude of one AC cycle is considered in terms of peak, rms, or aver- 
age value, the amount of current is greatest at the resonant frequency. In Fig. 25-3), 
the current amplitudes are plotted on a graph for frequencies at and near the resonant 
frequency, producing a typical response curve for a series resonant circuit. The 
response curve in Fig. 25—3b can be considered an outline of the increasing and 
decreasing amplitudes of the individual cycles shown in Fig. 25—3a. 

The response curve of the series resonant circuit shows that the current is small 
below resonance, rises to its maximum value at the resonant frequency, and then 
drops off to small values above resonance. To prove this fact, Table 25-1 lists the 
calculated values of impedance and current in the circuit of Fig. 25-2 at the resonant 
frequency of 1000 kHz and at two frequencies below and two frequencies above 
resonance. 

Below resonance, at 600 kHz, Xo is more than X, and there is appreciable net 
reactance, which limits the current to a relatively low value. At the higher frequency 
of 800 kHz, Xo decreases and X, increases, making the two reactances closer to the 
same value. The net reactance is then smaller, allowing more current. 
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Figure 25-3 Graphs showing maximum current at resonance for the series circuit in 


GOOD TO KNOW Fig. 25-2. (a) Amplitudes of individual cycles. (b) Response curve to show the amount of / 


below and above resonance. Values of / are in Table 25-1. 
For a series LC circuit at 


a- Current 


resonance 2 -=F 30 — 3 
aa z Highest current KEXEN 

value at f, | atf, 

20} 

< = 

= 
Small current Small current 

values below f, values above f, im 

| | 


600 800 1000 1200 1400 
Frequency, kHz 


(a) (b) 


At the resonant frequency, X, and Xe are equal, the net reactance is zero, and the 
current has its maximum value equal to V;,/rs. 

Above resonance at 1200 and 1400 kHz, X, is greater than X,, providing net 
reactance that limits the current to values much smaller than at resonance. In 
summary, 


1. Below the resonant frequency, X, is small, but Xo has high values that 
limit the amount of current. 

2. Above the resonant frequency, Xe is small, but X, has high values that 
limit the amount of current. 

3. At the resonant frequency, X, equals Xe, and they cancel to allow 
maximum current. 


Minimum Impedance at Series Resonance 


Since reactances cancel at the resonant frequency, the impedance of the series cir- 
cuit is minimum, equal to just the low value of series resistance. This minimum 
impedance at resonance is resistive, resulting in zero phase angle. At resonance, 
therefore, the resonant current is in phase with the generator voltage. 


Table 25-1 Series-Resonance Calculations for the Circuit in Figure 25—2* 


Net Reactance, Q = p= V 


Frequency, XS Me = Viz. IX,, IX., 
kHz 2nfl,Q 1/27, Q X-X X-X Z,Qt pA pV uV 
600 900 2500 1600 1600 ONG 171 475 
800 1200 1875 675 675 0.44 528 825 
f, 2 1000 1500 1500 O (0) 10 30 45,000 45,000 
1200 1800 1250 550 550 055 990 688 
1400 2100 1070 1030 1030 0.29 609 310 


* L= 239 uH, C = 106 pF, Vr = 300 pV, r; = 10 Q. 
+ Zr and J calculated without rs when its resistance is very small compared with the net X, or Xc. Zr and J are resistive at f, 
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Resonance 


Figure 25-4 Series circuit selects frequency by producing maximum /X- 
voltage output across C at resonance. 


Voltage output 
maximum at 
1000 kHz equals 
45,000 pV 


Frequency 
600-1400 kHz 


Resonant Rise in Voltage across Series L or C 


The maximum current in a series LC circuit at resonance is useful because it pro- 
duces maximum voltage across either X, or Xe at the resonant frequency. As a result, 
the series resonant circuit can select one frequency by providing much more voltage 
output at the resonant frequency, compared with frequencies above and below reso- 
nance. Figure 25-4 illustrates the resonant rise in voltage across the capacitance in 
a series AC circuit. At the resonant frequency of 1000 kHz, the voltage across C 
rises to 45,000 „V, and the input voltage is only 300 pV. 

In Table 25-1, the voltage across C is calculated as [X,, and across L as IX,. 
Below the resonant frequency, Xo has a higher value than at resonance, but the cur- 
rent is small. Similarly, above the resonant frequency, X, is higher than at resonance, 
but the current has a low value because of inductive reactance. At resonance, 
although X, and X, cancel each other to allow maximum current, each reactance by 
itself has an appreciable value. Since the current is the same in all parts of a series 
circuit, the maximum current at resonance produces maximum voltage [X,. across C 
and an equal /X, voltage across L for the resonant frequency. 

Although the voltage across Xo and X, is reactive, it is an actual voltage that can 
be measured. In Fig. 25-5, the voltage drops around the series resonant circuit are 
45,000 uV across C, 45,000 nV across L, and 300 „V across r. The voltage across 
the resistance is equal to and in phase with the generator voltage. 

Across the series combination of both L and C, the voltage is zero because the 
two series voltage drops are equal and opposite. To use the resonant rise of voltage, 
therefore, the output must be connected across either L or C alone. We can con- 
sider the V, and V, voltages similar to the idea of two batteries connected in series 
opposition. Together, the resultant is zero for equal and opposite voltages, but each 
battery still has its own potential difference. 


Figure 25-5 Voltage drops around series resonant circuit. 


Vr = 300 aV 


Vr = 300 pV 
I=30 pA 


f, = 1000 kHz O aV 
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In summary, the main characteristics of a series resonant circuit are 


1. The current / is maximum at the resonant frequency f.. 

2. The current / is in phase with the generator voltage, or the phase angle of 
the circuit is 0°. 

3. The voltage is maximum across either L or C alone. 

4. The impedance is minimum at f, equal only to the low r,. 


E 25-2 Self-Review 


Answers at the end of the chapter. 
For series resonance, 


a. X, and Xç are maximum. (True/False) 
b. X, and Xç are equal. (True/False) 
c. current J is maximum. (True/False) 


25-3 Parallel Resonance 


When L and C are in parallel, as shown in Fig. 25-6, and X, equals Xo, the reactive 
branch currents are equal and opposite at resonance. Then they cancel each other to 
produce minimum current in the main line. Since the line current is minimum, the 
impedance is maximum. These relations are based on r, being very small compared 
with X, at resonance. In this case, the branch currents are practically equal when X, 
and Xo are equal. 


Figure 25-6 Parallel resonant circuit. (a) Schematic diagram of L and Cin 
parallel branches. (b) Response curve of l+ shows that the line current dips to a minimum at f.. 
(©) Response curve of Zza shows that it rises to a maximum at f.. 


L = 239 uH 
X. = 1500 Q 
f. = 1000 kHz C=106 pF 
Va = 300 pV Xc = 1500 Q 


rs=102 


1000 kHz Line impedance 
225,000 Q _maximum at f, 


f 
| 
l 
l 
l 


h 


Line current 
minimum at f, 


0.00133 pA 


1000 kHz 
Frequency Frequency 
(6) (c 
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Table 25-2 Parallel-Resonance Calculations for the Circuit in Figure 25—6* 


Xe 

Frequency, 1/(22fC), 

kHz Q 

600 2500 
800 1875 
f— 1000 1500 
1200 1250 
1400 1070 


900 


1200 
1500 
1800 
2100 


* L = 239 uH, C = 106 pF, Vr = 300 pV, rs = 10 Q. 


Net Reactive 
Line 
= = Current, pA Zea = 
> V/ Xo, V/X,, I V,/ re 
HA HAt flee lh HAt QF 
0.12 ORS 0.21 O2] 1400 
0.16 0.25 0.09 0.09 S355 
0.20 0.20 o O 0.00133 225,000} 
0.24 O17 0.07 0.07 3800 
0.28 0.14 0.14 0.14 2143 


+ Zeo and J calculated without rs when its resistance is very small compared with the net X, or Xc. Zgo and Z are resistive at f;. 
+ At resonance, Zp is calculated by Formula (25-7). Zzg and J; are resistive at f,. 
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Minimum Line Current at Parallel Resonance 


To show how the current in the main line dips to its minimum value when the paral- 
lel LC circuit is resonant, Table 25-2 lists the values of branch currents and the total 
line current for the circuit in Fig. 25-6. 

With L and C the same as in the series circuit of Fig. 25-2, X, and Xe have the 
same values at the same frequencies. Since L, C, and the generator are in parallel, 
the voltage applied across the branches equals the generator voltage of 300 pV. 
Therefore, each reactive branch current is calculated as 300 pV divided by the reac- 
tance of the branch. 

The values in the top row of Table 25-2 are obtained as follows: At 600 kHz, the 
capacitive branch current equals 300 wV/2500 Q, or 0.12 „A. The inductive branch 
current at this frequency is 300 uV /900 Q, or 0.33 wA. Since this is a parallel AC 
circuit, the capacitive current leads by 90°, whereas the inductive current lags 
by 90°, compared with the reference angle of the generator voltage, which is applied 
across the parallel branches. Therefore, the opposite currents are 180° out of phase. 
The net current in the line, then, is the difference between 0.33 and 0.12, which 
equals 0.21 wA. 

Following this procedure, the calculations show that as the frequency is increased 
toward resonance, the capacitive branch current increases because of the lower 
value of X, and the inductive branch current decreases with higher values 
of X,. As a result, there is less net line current as the two branch currents become 
more nearly equal. 

At the resonant frequency of 1000 kHz, both reactances are 1500 Q, and the 
reactive branch currents are both 0.20 wA, canceling each other completely. 

Above the resonant frequency, there is more current in the capacitive branch than 
in the inductive branch, and the net line current increases above its minimum value 
at resonance. 

The dip in /, to its minimum value at f. is shown by the graph in Fig. 25—6b. At 
parallel resonance, /, is minimum and Z,, is maximum. 

The in-phase current due to r, in the inductive branch can be ignored off-reso- 
nance because it is so small compared with the reactive line current. At the reso- 
nant frequency when the reactive currents cancel, however, the resistive component 
is the entire line current. Its value at resonance equals 0.00133 A in this example. 
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GOOD TO KNOW 


The coil resistance, rs, is the 
reason why the impedance of a 
parallel resonant circuit cannot 
reach infinity at the resonant 


frequency, f,- 


This small resistive current is the minimum value of the line current at parallel 
resonance. 


Maximum Line Impedance at Parallel Resonance 


The minimum line current resulting from parallel resonance is useful because it cor- 
responds to maximum impedance in the line across the generator. Therefore, an 
impedance that has a high value for just one frequency but a low impedance for 
other frequencies, either below or above resonance, can be obtained by using a par- 
allel LC circuit resonant at the desired frequency. This is another method of select- 
ing one frequency by resonance. The response curve in Fig. 25—6c shows how the 
impedance rises to a maximum for parallel resonance. 

The main application of parallel resonance is the use of an LC tuned circuit as the 
load impedance Z, in the output circuit of rf amplifiers. Because of the high imped- 
ance, then, the gain of the amplifier is maximum at f.. The voltage gain of an ampli- 
fier is directly proportional to Z,. The advantage of a resonant LC circuit is that Z is 
maximum only for an AC signal at the resonant frequency. Also, L has practically 
no DC resistance, which means practically no DC voltage drop. 

Referring to Table 25-2, the total impedance of the parallel AC circuit is calcu- 
lated as the generator voltage divided by the total line current. At 600 kHz, for 
example, Zgo equals 300 wV/0.21 uA, or 1400 Q. At 800 kHz, the impedance is 
higher because there is less line current. 

At the resonant frequency of 1000 kHz, the line current is at its minimum of 
0.00133 „A. Then, the impedance is maximum and is equal to 300 pV /0.00133 4A, 
or 225,000 Q. 

Above 1000 kHz, the line current increases, and the impedance decreases from 
its maximum. 

How the line current can be very low even though the reactive branch currents 
are appreciable is illustrated in Fig. 25-7. In Fig. 25—7a, the resistive component of 
the total line current is shown as though it were a separate branch drawing an 
amount of resistive current from the generator in the main line equal to the current 
resulting from the coil resistance. Each reactive branch current has its value equal to 
the generator voltage divided by the reactance. Since they are equal and of opposite 
phase, however, in any part of the circuit where both reactive currents are present, 
the net amount of electron flow in one direction at any instant corresponds to zero 
current. The graph in Fig. 25—7b shows how equal and opposite currents for 7, and 
Ie cancel. 

If a meter is inserted in series with the main line to indicate total line current /,, 
it dips sharply to the minimum value of line current at the resonant frequency. With 


Figure 25-7 Distribution of currents in a parallel circuit at resonance. Resistive current shown as an equivalent branch for l. (a) Circuit 
with branch currents for R, L, and C. (b) Graph of equal and opposite reactive currents /, and le. 
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minimum current in the line, the impedance across the line is maximum at the reso- 
nant frequency. The maximum impedance at parallel resonance corresponds to a 
high value of resistance, without reactance, since the line current is then resistive 
with zero phase angle. 

In summary, the main characteristics of a parallel resonant circuit are 


1. The line current /, is minimum at the resonant frequency. 

2. The current /, is in phase with the generator voltage V,, or the phase 
angle of the circuit is 0°. 

3. The impedance Z,., equal to V,/J,, is maximum at f, because of the 
minimum 7}. 


The LC Tank Circuit 


Note that the individual branch currents are appreciable at resonance, although J, is 
minimum. For the example in Table 25-2, at f., either the 7, or the 7o equals 0.2 4A. 
This current is greater than the J, values below f. or the J, values above f.. 

The branch currents cancel in the main line because Zo is at 90° with respect to 
the source V, while J, is at —90°, making them opposite with respect to each other. 

However, inside the LC circuit, J, and J, do not cancel because they are in sepa- 
rate branches. Then J, and Zo provide a circulating current in the LC circuit, which 
equals 0.2 A in this example. For this reason, a parallel resonant LC circuit is often 
called a tank circuit. 

Because of the energy stored by L and C, the circulating tank current can provide 
full sine waves of current and voltage output when the input is only a pulse. The 
sine-wave output is always at the natural resonant frequency of the LC tank circuit. 
This ability of the LC circuit to supply complete sine waves is called the flywheel 
effect. Also, the process of producing sine waves after a pulse of energy has been 
applied is called ringing of the LC circuit. 


E 25-3 Self-Review 
Answers at the end of the chapter. 


For parallel resonance, 

a. currents J, and J, are maximum. (True/False) 
currents J, and Iç are equal. (True/False) 

c. current J, is minimum. (True/False) 


25-4 Resonant Frequency 
f=1/(2a VLC) 


The formula for the resonant frequency is derived from X, = Xo. Using f. to indicate 
the resonant frequency in the formulas for X, and Xe, 


4 
aE = FC 


Inverting the factor f. gives 
1 
2— 
2aL( fy = aC 


Inverting the factor 27L gives 


2_ 1 
C= 2P LC 
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CALCULATOR 


To do this problem on a 
calculator, keep in mind the 
following points. If your 
calculator does not have an 
exponential key, work with 
the powers of 10 separately, 
without the calculator. For 
multiplication, add the 
exponents. The square root has 
one-half the exponent, but be 
sure that the exponent is an even 
number before dividing by 2. The 
reciprocal has the same exponent 


but with opposite sign. 


For the example just solved with 
239 uH for L and 106 pF for C, 
first punch in 239, push the(x) 
key, punch in 106, and then press 
the(=) key for the product of 
25,334. While this number is on 
the display, push the key for 
159.2. Keep this display, press the 
(x) key, punch in 6.28 for 2z, and 
push the (=) key for the total 
product of approximately 1000 in 


the denominator. 


The powers of 10 in the 
denominator are 10 6x 10717 = 


107'8. Its square root is 107°. 


While 1000 for the denominator is 
on the display, press the TA key 
for the reciprocal, equal to 0.001. 
The reciprocal of 107° is 10°. The 
answer for f, then is 0.001 x 10°, 
which equals 1 x 10°. 
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The square root of both sides is then 


il 
= — 25-1 
"In VLC ( ) 


where L is in henrys, C is in farads, and the resonant frequency f. is in hertz (Hz). 
For example, to find the resonant frequency of the LC combination in Fig. 25—2, the 
values of 239 x 10% and 106 x 10-" are substituted for L and C. Then, 


E 1 
2a VLC  2rv239 x 10% x 106 x 107? 


= 1 _ 1 _ 1 
~ 6.284/25,334x 108 6.28 x 159.2 x 10° 1000 x 10° 


= 1 x 10° Hz = 1 MHz = 1000 kHz 


T 


For any series or parallel LC circuit, the f, equal to 1/(27 VLC) is the resonant fre- 
quency that makes the inductive and capacitive reactances equal. 


How the f, Varies with L and C 


It is important to note that higher values of L and C result in lower values of f.. Either 
Lor C, or both, can be varied. An LC circuit can be resonant at any frequency from 
a few hertz to many megahertz. 

As examples, an LC combination with the relatively large values of an 8-H 
inductance and a 20-uF capacitance is resonant at the low audio frequency of 
12.6 Hz. For a much higher frequency in the rf range, a small inductance of 2 wH 
will resonate with the small capacitance of 3 pF at an f. of 64.9 MHz. These 
examples are solved in the next two problems for more practice with the resonant 
frequency formula. Such calculations are often used in practical applications of 
tuned circuits. Probably the most important feature of any LC combination is its 
resonant frequency, especially in rf circuits. The applications of resonance are 
mainly for radio frequencies. 


Example 25-1 


Calculate the resonant frequency for an 8-H inductance and a 20-uF capacitance. 
ANSWER 


anh 
"In VLC 
Z 1 
2n V8 xX 20 x 10° 


_ 1 
6.28 V160 x 10° 
_ 1 
~ 6.28 x 12.65 x 10° 
= 1 
79.44 x 10° 
= 0.0126 x 10° 
= 12.6 Hz (approx.) 


Chapter 25 


Example 25-2 


Calculate the resonant frequency for a 2-~H inductance and a 3-pF capacitance. 


ANSWER 


j= 1 
"In VLC 
ee ee 
27 V2x 10% x 3x 10°? 


z 1 

6.28 V6 x 107!8 
_ 1 
~ 6.28 x 2.45 x 10° 


_ 1 
~ 154%10° 


= 65 x 10° Hz = 65 MHz 


= 0.065 x 10° 


Specifically, because of the square root in the denominator of Formula (25-1), 
the f. decreases inversely as the square root of L or C. For instance, if L or C is qua- 
drupled, the f. is reduced by one-half. The 2 is equal to the square root of 1⁄4. 

As a numerical example, suppose that f, is 6 MHz with particular values of L 
and C. If either L or C is made four times larger, then f. will be reduced to 3 MHz. 

Or, to take the opposite case of doubling the frequency from 6 MHz to 12 MHz, 
the following can be done: 


1. Use one-fourth the L with the same C. 

2. Use one-fourth the C with the same L. 

3. Reduce both L and C by one-half. 

4. Use any new combination of L and C whose product will be one-fourth 
the original product of L and C. 


LC Product Determines f, 


There are any number of LC combinations that can be resonant at one frequency. 
With more L, then less C can be used for the same f.. Or less L can be used with 
more C. Table 25-3 lists five possible combinations of L and C resonant at 1000 kHz, 


LC Combinations Resonant 


Table 25-3 E 1000 kHz 

Leg G XQ X,,Q 

L, pH C, pF LC Product at 1000 kHz at 1000 kHz 
238) 1060 25,334 150 150 
1195 22 25,334 750 (50 
229 106 25,334 1500 1500 
478 53 25,334 3000 3000 
2390 10.6 25,334 15,000 15,000 
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as an example of one f.. The resonant frequency is the same 1000 kHz here for all 
five combinations. When either L or C is increased by a factor of 10 or 2, the other 
is decreased by the same factor, resulting in a constant value for the LC product. 
The reactance at resonance changes with different combinations of L and C, but 
in all five cases, X, and Xo are equal to each other at 1000 kHz. This is the resonant 
frequency determined by the value of the LC product in f. = 1/(22VLC). 


Measuring L or C by Resonance 


Of the three factors L, C, and f, in the resonant-frequency formula, any one can be 
calculated when the other two are known. The resonant frequency of the LC combi- 
nation can be found experimentally by determining the frequency that produces the 
resonant response in an LC combination. With a known value of either L or C, and 
the resonant frequency determined, the third factor can be calculated. This method 
is commonly used for measuring inductance or capacitance. A test instrument for 
this purpose is the Q meter, which also measures the Q of a coil. 


Calculating Cfrom f, 


The C can be taken out of the square root sign or radical in the resonance formula, 
as follows: 


fal 
"In VLC 


Squaring both sides to eliminate the radical gives 


2 1 
f= (22) LC 


Inverting C and f? gives 


=, al = 
C= FL (25-2) 
where f, is in hertz, C is in farads, and L is in henrys. 
Calculating L from f, 
Similarly, the resonance formula can be transposed to find L. Then 
| = 
L= teRC (25-3) 


With Formula (25-3), L is determined by f. with a known value of C. Similarly, C is 
determined from Formula (25-2) by f. with a known value of L. 


Example 25-3 


What value of C resonates with a 239-yH L at 1000 kHz? 
ANSWER 


2-1 
c= 4r fL 


_ 1 
~ 47°(1000 x 10°*)?239 x 10% 
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_ 1 
~ 39.48 x 1 x 10° x 239 


_ 1 
~ 9435.75 x 10° 
= 0.000106 x 10-° F = 106 pF 


Note that 39.48 is a constant for 47”. 


Example 25-4 


What value of L resonates with a 106-pF C at 1000 kHz, equal to 1 MHz? 


ANSWER 
_ 1 
aF 4r fC 
_ 1 
39.48 x 1 x 10” x 106 x 10°? 
=i 
4184.88 


= 0.000239 H = 239 wH 


Note that 10!? and 10-!? in the denominator cancel each other. Also, 1 x 10!” is 
the square of 1 x 10°, or 1 MHz. 


The values in Examples 25-3 and 25-4 are from the LC circuit illustrated in 
Fig. 25-2 for series resonance and Fig. 25-6 for parallel resonance. 


E 25-4 Self-Review 


Answers at the end of the chapter. 


a. To increase f, should C be increased or decreased? 

b. If Cis increased from 100 to 400 pF, L must be decreased from 
800 4H to what value for the same f? 

c. Give the constant value for 47’. 


25-5 Q Magnification Factor 
of a Resonant Circuit 


The quality, or figure of merit, of the resonant circuit, in sharpness of resonance, is 
indicated by the factor Q. In general, the higher the ratio of the reactance at reso- 
nance to the series resistance, the higher the Q and the sharper the resonance effect. 


Q of Series Circuit 


In a series resonant circuit, we can calculate Q from the following formula: 


Q =% (25-4) 


785 


GOOD TO KNOW 


Formula (25-5) is derived as 


gen 


follows: V, = I x X, where / = T; 


at the resonant frequency, f,. 
Therefore, V, = T xX or V, = 
T X Ven: Since Q = A we have 
VL=Q X Vjen: 

Since X, = X¿ at f,, Formula (25-5) 
can be used to find both V, and Vo. 
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where Q is the figure of merit, X, is the inductive reactance in ohms at the resonant 
frequency, and r, is the resistance in ohms in series with X,. For the series resonant 
circuit in Fig. 25-2, 


— 1500 Q _ 
Q= 100 = 150 


The Q is a numerical factor without any units, because it is a ratio of reactance to 
resistance and the ohms cancel. Since the series resistance limits the amount of cur- 
rent at resonance, the lower the resistance, the sharper the increase to maximum 
current at the resonant frequency, and the higher the Q. Also, a higher value of 
reactance at resonance allows the maximum current to produce higher voltage for 
the output. 

The Q has the same value if it is calculated with X, instead of X,, since they are 
equal at resonance. However, the Q of the circuit is generally considered in terms of 
X, because usually the coil has the series resistance of the circuit. In this case, the Q 
of the coil and the Q of the series resonant circuit are the same. If extra resistance is 
added, the Q of the circuit will be less than the Q of the coil. The highest possible Q 
for the circuit is the Q of the coil. 

The value of 150 can be considered a high Q. Typical values are 50 to 250, 
approximately. Less than 10 is a low Q; more than 300 is a very high Q. 


Higher L/C Ratio Can Provide Higher Q 


As shown before in Table 25-3, different combinations of L and C can be resonant 
at the same frequency. However, the amount of reactance at resonance is different. 
More X, can be obtained with a higher L and lower C for resonance, although X, and 
Xc must be equal at the resonant frequency. Therefore, both X, and Xo are higher 
with a higher L/C ratio for resonance. 

More X, can allow a higher Q if the AC resistance does not increase as much as 
the reactance. An approximate rule for typical rf coils is that maximum Q can be 
obtained when X, is about 1000 Q. In many cases, though, the minimum C is lim- 
ited by stray capacitance in the circuit. 


Q Rise in Voltage across Series Lor C 


The Q of the resonant circuit can be considered a magnification factor that deter- 
mines how much the voltage across L or C is increased by the resonant rise of cur- 
rent in a Series circuit. Specifically, the voltage output at series resonance is Q times 
the generator voltage: 


V_=Vce=OXxV, (25-5) 


en 


In Fig. 25-4, for example, the generator voltage is 300 uV and Q is 150. The 
resonant rise of voltage across either L or C then equals 300 „V x 150, or 
45,000 uV. Note that this is the same value calculated in Table 25-1 for Vo or V, 
at resonance. 


How to Measure Q in a Series Resonant Circuit 


The fundamental nature of Q for a series resonant circuit is seen from the fact 
that the Q can be determined experimentally by measuring the Q rise in voltage 
across either L or C and comparing this voltage with the generator voltage. As a 
formula, 


Vout 
Q= A (25-6) 


in 
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where V,,, is the AC voltage measured across the coil or capacitor and V,, is the 
generator voltage. 

Referring to Fig. 25-5, suppose that you measure with an AC voltmeter across L 
or C and this voltage equals 45,000 „V at the resonant frequency. Also, measure the 


generator input of 300 uV. Then 


— Tout 
2=7 


_ 45,000 pV 
~~ 300 pV 
= 150 


This method is better than the X, /r, formula for determining Q because r, is 
the AC resistance of the coil, which is not so easily measured. Remember that 
the coil’s AC resistance can be more than double the DC resistance measured 
with an ohmmeter. In fact, measuring Q with Formula (25-6) makes it possible 
to calculate the AC resistance. These points are illustrated in the following 
examples. 


Example 25-5 


A series circuit resonant at 0.4 MHz develops 100 mV across a 250-wH L with 
a 2-mV input. Calculate Q. 


ANSWER 
— Vow _ 100 mV 
=V =" 2mV 
=50 


Example 25-6 


What is the AC resistance of the coil in the preceding example? 


ANSWER The Q ofthe coil is 50. We need to know the reactance of this 
250-4H coil at the frequency of 0.4 MHz. Then, 


X, = 2afL = 6.28 x 0.4 x 10° x 250 x 10% 


= 628 Q 
Also, =! or n=% 
_628 Q 
"s= 50 
= 12.56Q 
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Figure 25-8 The Q of a parallel 
resonant circuit in terms of X, and its 
series resistance re. 


GOOD TO KNOW 


Another formula that can be used 


to calculate Z,, at f, is 


X 
Zza = (1 + Q®)rs, where Q = T 
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Q of Parallel Circuit 


In a parallel resonant circuit where r, is very small compared with X,, the Q also 
equals X,/rs. Note that r; is still the resistance of the coil in series with X, (see 
Fig. 25-8). The Q of the coil determines the Q of the parallel circuit here because 
it is less than the Q of the capacitive branch. Capacitors used in tuned circuits 
generally have a very high Q because of their low losses. In Fig. 25-8, the Q is 
1500 Q/10 Q, or 150, the same as the series resonant circuit with the same 
values. 

This example assumes that the generator resistance is very high and that there is 
no other resistance branch shunting the tuned circuit. Then the Q of the parallel 
resonant circuit is the same as the Q of the coil. Actually, shunt resistance can lower 
the Q of a parallel resonant circuit, as analyzed in Section 25-10. 


Q Rise in Impedance across a Parallel 
Resonant Circuit 


For parallel resonance, the Q magnification factor determines by how much the 
impedance across the parallel LC circuit is increased because of the minimum line 
current. Specifically, the impedance across the parallel resonant circuit is Q times 
the inductive reactance at the resonant frequency: 


Zig = OX X, (25-7) 


Referring back to the parallel resonant circuit in Fig. 25-6 as an example, X, is 
1500 Q and Q is 150. The result is a rise of impedance to the maximum value of 
150 x 1500 Q, or 225,000 Q, at the resonant frequency. 

Since the line current equals V,/, Zeq the minimum line current is 300 WV /225,000 Q, 
which equals 0.00133 „A. 

At f, the minimum line current is 1/Q of either branch current. In Fig. 25-7, 1, 
or J. is 0.2 „A and Q is 150. Therefore, J, is °%/s0, or 0.00133 wA, which is the same 
answer as V,/Z,. Or, stated another way, the circulating tank current is Q times the 
minimum A. 


How to Measure Z,, of a Parallel 
Resonant Circuit 
Formula (25-7) for Z,, is also useful in its inverted form as Q = Z,,/X,. We can 


measure Z,, by the method illustrated in Fig. 25-9. Then Q can be calculated from 
the value of Z,, and the inductive reactance of the coil. 


Figure 25-9 Howto measure Zo of a parallel resonant circuit. Adjust R, to make its Vp 
equal to Vic. Then Zea = R}. 


R, = 225 kQ 
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To measure Z,,, first tune the LC circuit to resonance. Then adjust R, in Fig. 
25-9 to the resistance that makes its AC voltage equal to the AC voltage across the 
tuned circuit. With equal voltages, the Zgo must have the same value as R,. 

For the example here, which corresponds to the parallel resonance shown in 
Figs. 25—6 and 25-8, Z,, is equal to 225,000 Q. This high value is a result of parallel 
resonance. The X, is 1500 ©. Therefore, to determine Q, the calculations are 

Zeo _ 225,000 


C= or 


Example 25-7 


In Fig. 25-9, assume that with a 4-mVac input signal for V,, the voltage across 
R, is 2 mV when R; is 225 KQ. Determine Z,, and Q. 


ANSWER Because they divide V, equally, Zgo is 225 KQ, the same as R}. 
The amount of input voltage does not matter, as the voltage division determines 
the relative proportions between R, and Z,,. With 225 KQ for Z,, and 1.5 KQ 
for X,, the Q is *%s, or Q = 150. 


Example 25-8 


A parallel LC circuit tuned to 200 kHz with a 350-yH L has a measured Z,, of 
17,600 Q. Calculate Q. 


ANSWER First, calculate X, as 2zfL at f: 
X, = 27 x 200 x 10° x 350 x 10° = 440 Q 


Then, 
s Zro _ 17,600 
X 40 
=40 


E 25-5 Self-Review 
Answers at the end of the chapter. 


a. Ina series resonant circuit, V, is 300 mV with an input of 3 mV. 
Calculate Q. 

b. Ina parallel resonant circuit, X, is 500 Q. With a Q of 50, 
calculate Zgo. 


25-6 Bandwidth of a Resonant Circuit 


When we say that an LC circuit is resonant at one frequency, this is true for the 
maximum resonance effect. However, other frequencies close to f, also are effec- 
tive. For series resonance, frequencies just below and above f. produce increased 
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current, but a little less than the value at resonance. Similarly, for parallel reso- 
nance, frequencies close to f, can provide high impedance, although a little less 
than the maximum Z,o. 

Therefore, any resonant frequency has an associated band of frequencies that 
provide resonance effects. How wide the band is depends on the Q of the resonant 
circuit. Actually, it is practically impossible to have an LC circuit with a resonant 
effect at only one frequency. The width of the resonant band of frequencies centered 
around f, is called the bandwidth of the tuned circuit. 


Measurement of Bandwidth 


The group of frequencies with a response 70.7% of maximum, or more, is generally 
considered the bandwidth of the tuned circuit, as shown in Fig. 25—10b. The reso- 
nant response here is increasing current for the series circuit in Fig. 25—10a. There- 
fore, the bandwidth is measured between the two frequencies f, and f, producing 
70.7% of the maximum current at f.. 

For a parallel circuit, the resonant response is increasing impedance Zgo. Then 
the bandwidth is measured between the two frequencies allowing 70.7% of the 
maximum Zgo at fy- 

The bandwidth indicated on the response curve in Fig. 25—10b equals 20 kHz. 
This is the difference between f, at 60 kHz and f, at 40 kHz, both with 70.7% 
response. 

Compared with the maximum current of 100 mA for f. at 50 kHz, f, below 
resonance and f, above resonance each allows a rise to 70.7 mA. All frequencies 
in this band 20 kHz wide allow 70.7 mA, or more, as the resonant response in this 
example. 


Bandwidth Equals f /Q 


Sharp resonance with high Q means narrow bandwidth. The lower the Q, the 
broader the resonant response and the greater the bandwidth. 

Also, the higher the resonant frequency, the greater the range of frequency values 
included in the bandwidth for a given sharpness of resonance. Therefore, the band- 
width of a resonant circuit depends on the factors f. and Q. The formula is 


i= af=5 (25-8) 


Figure 25-10 Bandwidth of a tuned LC circuit. (a) Series circuit with input of O to 
100 kHz. (b) Response curve with bandwidth Afequal to 20 kHz between f, and h. 
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GOOD TO KNOW 


Another formula that can be used 
to calculate the bandwidth of a 
series resonant circuit is 


AJ = $ where R represents the 


total series resistance of the 


circuit. 


Resonance 


where Af is the total bandwidth in the same units as the resonant frequency f.. The 
bandwidth Afcan also be abbreviated BW. 

For example, a series circuit resonant at 800 kHz with a Q of 100 has a band- 
width of *°%oo, or 8 kHz. Then the Zis 70.7% of maximum, or more, for all frequen- 
cies for a band 8 kHz wide. This frequency band is centered around 800 kHz, from 
796 to 804 kHz. 

With a parallel resonant circuit having a Q higher than 10, Formula (25-8) also 
can be used for calculating the bandwidth of frequencies that provide 70.7% or more 
of the maximum Zeo However, the formula cannot be used for parallel resonant 
circuits with low Q, as the resonance curve then becomes unsymmetrical. 


High Q Means Narrow Bandwidth 


The effect for different values of Q is illustrated in Fig. 25-11. Note that a higher Q 
for the same resonant frequency results in less bandwidth. The slope is sharper for 
the sides or skirts of the response curve, in addition to its greater amplitude. 

High Q is generally desirable for more output from the resonant circuit. However, 
it must have enough bandwidth to include the desired range of signal frequencies. 


The Edge Frequencies 


Both f, and f, are separated from f. by one-half of the total bandwidth. For the top 
curve in Fig. 25-11, as an example, with a Q of 80, Af is +5 kHz centered around 
800 kHz for f.. To determine the edge frequencies, 


f =£- = 800 - 5 = 795 kHz 


A 
fra f+ SE = 800 + 5 = 805 kHz 


These examples assume that the resonance curve is symmetrical. This is true for 
a high-Q parallel resonant circuit and a series resonant circuit with any Q. 


Figure 25-11 Higher Q provides a sharper resonant response. Amplitude is / for series 
resonance or Zza for parallel resonance. Bandwidth at half-power frequencies is Af. 
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Example 25-9 


An LC circuit resonant at 2000 kHz has a Q of 100. Find the total bandwidth Af 
and the edge frequencies f, and f. 


ANSWER 


f, =f- S = 2000 — 10 = 1990 kHz 


f =f + = 2000+ 10 = 2010 kHz 


Example 25-10 


Repeat Example 25-9 for an f. equal to 6000 kHz and the same Q of 100. 


ANSWER 


= 5 = 00 KHZ — 60 kHz 


f, = 6000 — 30 = 5970 kHz 
Ja = 6000 + 30 = 6030 kHz 


Notice that Afis three times as wide as Af in Example 25-9 for the same Q 
because f. is three times higher. 


Half-Power Points 


It is simply for convenience in calculations that the bandwidth is defined between 
the two frequencies having 70.7% response. At each of these frequencies, the net 
capacitive or inductive reactance equals the resistance. Then the total impedance of 
the series reactance and resistance is 1.4 times greater than R. With this much more 
impedance, the current is reduced to “414, or 0.707, of its maximum value. 

Furthermore, the relative current or voltage value of 70.7% corresponds to 50% 
in power, since power is J R or V?/R and the square of 0.707 equals 0.50. Therefore, 
the bandwidth between frequencies having 70.7% response in current or voltage is 
also the bandwidth in terms of half-power points. Formula (25-8) is derived for Af 
between the points with 70.7% response on the resonance curve. 


Measuring Bandwidth to Calculate Q 


The half-power frequencies f, and f, can be determined experimentally. For series 
resonance, find the two frequencies at which the current is 70.7% of maximum J, or 
for parallel resonance, find the two frequencies that make the impedance 70.7% of 
the maximum Z,,. The following method uses the circuit in Fig. 25-9 for measuring 
Zags but with different values to determine its bandwidth and Q: 
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1. Tune the circuit to resonance and determine its maximum Z,, at f. In 
this example, assume that Z,, is 10,000 Q at the resonant frequency of 
200 kHz. 

2. Keep the same amount of input voltage, but change its frequency slightly 
below f. to determine the frequency f, that results in a Z, equal to 70.7% 
of Zo. The required value here is 0.707 x 10,000, or 7070 Q, for Z, at f. 
Assume that this frequency f, is determined to be 195 kHz. 

3. Similarly, find the frequency f, above f. that results in the impedance Z, of 
7070 Q. Assume that f, is 205 kHz. 

4. The total bandwidth between the half-power frequencies equals f, — f, or 
205 — 195. Then the value of Af = 10 kHz. 

5. Then Q = f/Af or 200 kHz/10 kHz = 20 for the calculated value of Q. 


In this way, measuring the bandwidth makes it possible to determine Q. With Af 
and f, Q can be determined for either parallel or series resonance. 


E 25-6 Self-Review 
Answers at the end of the chapter. 


a. An LC circuit with f, of 10 MHz has a Q of 40. Calculate the half- 
power bandwidth. 
b. For anf. of 500 kHz and bandwidth Af of 10 kHz, calculate Q. 


25-7 Tuning 


Tuning means obtaining resonance at different frequencies by varying either L or C. 
As illustrated in Fig. 25-12, the variable capacitance C can be adjusted to tune the 
series LC circuit to resonance at any one of the five different frequencies. Each of the 
voltages V, to V; indicates an AC input with a specific frequency. Which one is selected 
for maximum output is determined by the resonant frequency of the LC circuit. 

When C is set to 424 pF, for example, the resonant frequency of the LC circuit is 
500 kHz for f.. The input voltage whose frequency is 500 kHz then produces a reso- 
nant rise of current that results in maximum output voltage across C. At other fre- 
quencies, such as 707 kHz, the voltage output is less than the input. With C at 
424 pF, therefore, the LC circuit tuned to 500 kHz selects this frequency by provid- 
ing much more voltage output than other frequencies. 

Suppose that we want maximum output for the AC input voltage that has the 
frequency of 707 kHz. Then C is set at 212 pF to make the LC circuit resonant at 
707 kHz for f,. Similarly, the tuned circuit can resonate at a different frequency for 


Figure 25-12 Tuning a series LC circuit. (a) Input voltages at different frequencies. (b) Relative response for each frequency when Cis 
varied (not to scale). 
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GOOD TO KNOW 


The tuning ratio, TR, for a 
capacitor is the ratio of its 
maximum capacitance to its 


minimum capacitance, or 


G 
TR= Cc For a given range of 


min 


frequencies, the required 


capacitance tuning ratio can be 
2 
fon) 


calculated as TR = | 
AGED 
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Table 25-4 | Tuning LC Circuit by Varying C 


L,uH C, pF f., kHz 
239 424 500 
239) 212 707 
239 106 1000 
239 53 1410 
239 26.5 2000 


each input voltage. In this way, the LC circuit is tuned to select the desired 
frequency. 

The variable capacitance C can be set at the values listed in Table 25—4 to tune 
the LC circuit to different frequencies. Only five frequencies are listed here, but any 
one capacitance value between 26.5 and 424 pF can tune the 239-yH coil to reso- 
nance at any frequency in the range of 500 to 2000 kHz. Note that a parallel resonant 
circuit also can be tuned by varying C or L. 


Tuning Ratio 


When an LC circuit is tuned, the change in resonant frequency is inversely propor- 
tional to the square root of the change in L or C. Referring to Table 25-4, notice that 
when C is decreased to one-fourth, from 424 to 106 pF, the resonant frequency doubles 
from 500 to 1000 kHz, or the frequency is increased by the factor 1 /-V%, which equals 2. 
Suppose that we want to tune through the whole frequency range of 500 to 
2000 kHz. This is a tuning ratio of 4:1 for the highest to the lowest frequency. Then the 
capacitance must be varied from 424 to 26.5 pF, which is a 16:1 capacitance ratio. 


Radio Tuning Dial 


Figure 25-13 illustrates a typical application of resonant circuits in tuning a receiver 
to the carrier frequency of a desired station in the AM broadcast band. The tuning is 
done by the air capacitor C, which can be varied from 360 pF with the plates com- 
pletely in mesh to 40 pF out of mesh. The fixed plates form the stator, whereas the 
rotor has plates that move in and out. 


Figure 25-13 Application of tuning an LC circuit through the AM radio band. 
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Resonance 


Note that the lowest frequency F, at 540 kHz is tuned with the highest C at 
360 pF. Resonance at the highest frequency Fy at 1620 kHz results from the lowest 
C at 40 pF. 

The capacitance range of 40 to 360 pF tunes through the frequency range from 
1620 kHz down to 540 kHz. Frequency F, is one-third F,, because the maximum 
C is nine times the minimum C. 

The same idea applies to tuning through the commercial FM broadcast band of 
88 to 108 MHz with smaller values of L and C. Also, television receivers are tuned 
to a specific broadcast channel by resonance at the desired frequencies. 

For electronic tuning, the C is varied by a varactor. This is a semiconductor 
diode that varies in capacitance when its voltage is changed. 


E 25-7 Self-Review 


Answers at the end of the chapter. 


a. When a tuning capacitor is completely in mesh, is the LC circuit 
tuned to the highest or lowest frequency in the band? 

b. A tuning ratio of 2:1 in frequency requires what ratio of variable 
LorC? 


25-8 Mistuning 


Suppose that a series LC circuit is tuned to 1000 kHz, but the frequency of the input 
voltage is 17 kHz, completely off-resonance. The circuit could provide a Q rise in 
output voltage for current having the frequency of 1000 kHz, but there is no input 
voltage and therefore no current at this frequency. 

The input voltage produces current that has a frequency of 17 kHz. This fre- 
quency cannot produce a resonant rise in current, however, because the current is 
limited by the net reactance. When the frequency of the input voltage and the reso- 
nant frequency of the LC circuit are not the same, therefore, the mistuned circuit has 
very little output compared with the Q rise in voltage at resonance. 

Similarly, when a parallel circuit is mistuned, it does not have a high value of 
impedance. Furthermore, the net reactance off-resonance makes the LC circuit 
either inductive or capacitive. 


Series Circuit Off-Resonance 


When the frequency of the input voltage is lower than the resonant frequency of a 
series LC circuit, the capacitive reactance is greater than the inductive reactance. As 
aresult, there is more voltage across the capacitive reactance than across the induc- 
tive reactance. The series LC circuit is capacitive below resonance, therefore, with 
capacitive current leading the generator voltage. 

Above the resonant frequency, the inductive reactance is greater than the capaci- 
tive reactance. As a result, the circuit is inductive above resonance with inductive 
current that lags the generator voltage. In both cases, there is much less output volt- 
age than at resonance. 


Parallel Circuit Off-Resonance 


With a parallel LC circuit, the smaller amount of inductive reactance below reso- 
nance results in more inductive branch current than capacitive branch current. The 
net line current is inductive, therefore, making the parallel LC circuit inductive 
below resonance, as the line current lags the generator voltage. 

Above the resonant frequency, the net line current is capacitive because of the 
higher value of capacitive branch current. In addition, the parallel LC circuit is capaci- 
tive with line current leading the generator voltage. In both cases, the total impedance 


795 


Figure 25-14 General method of 
calculating Zgo for a parallel resonant 


circuit as (Z X Z,)/(Z, + Z) with complex 


numbers. 


Z= 
rfs +jXL 
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of the parallel circuit is much less than the maximum impedance at resonance. Note 
that the capacitive and inductive effects off-resonance are opposite for series and 
parallel LC circuits. 


E 25-8 Self-Review 


Answers at the end of the chapter. 


a. Is a series resonant circuit inductive or capacitive below resonance? 
b. Isa parallel resonant circuit inductive or capacitive below resonance? 


25-9 Analysis of Parallel 
Resonant Circuits 


Parallel resonance is more complex than series resonance because the reactive 
branch currents are not exactly equal when X, equals Xo. The reason is that the coil 
has its series resistance r, in the X, branch, whereas the capacitor has only Xe in its 
branch. 

For high-Q circuits, we consider r, negligible. In low-Q circuits, however, 
the inductive branch must be analyzed as a complex impedance with X, and r, in 
series. This impedance is in parallel with X,, as shown in Fig. 25-14. The total 
impedance Z,, can then be calculated by using complex numbers, as explained in 
Chap. 24. 


High-Q Circuit 


We can apply the general method in Fig. 25-14 to the parallel resonant circuit 
shown before in Fig. 25-6 to see whether Z,, is 225,000 Q. In this example, X, and 
Xo are 1500 Q and r, is 10 Q. The calculations are 


z- ZXZ _ 1500 x (j1500 + 10) 
=Z +Z, 1500 + j1500 + 10 


o 
= TED x W IOD L P2.25 x 10° — j1500 


= 225,000 — j1500 = 225,000° Q 


Note that —j* is +1. Also, the reactive j1500 Q is negligible compared with the resis- 
tive 225,000 Q. This answer for Z,, is the same as Q x X,, or 150 x 1500, because 
of the high Q with negligibly small r. 


Low-Q Circuit 


We can consider a Q less than 10 as low. For the same circuit in Fig. 25—6, if r; is 
300 Q with an X, of 1500 Q, the Q will be '°°%00, which equals 5. For this case of 
appreciable r,, the branch currents cannot be equal when X, and X,. are equal because 
then the inductive branch will have more impedance and less current. 

With a low-Q circuit, Zo must be calculated in terms of the branch imped- 
ances. For this example, the calculations are simpler with all impedances stated in 
kilohms: 


ZXZ, _ -jl.5 x G15 +0.3)_ 72.25 — j0.45 


a A Ae A 03 
= 7.5 — j1.5 Q = 7.654-11.3? kQ = 7650/-11.3° Q 


The phase angle @ is not zero because the reactive branch currents are unequal, 
even though X, and X, are equal. The appreciable value of r, in the X, branch makes 
this branch current smaller than J, in the Xo branch. 
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GOOD TO KNOW 


When Q < 10 ina parallel 
resonant circuit, Zgo is maximum 
and /, is minimum at a frequency 


slightly less than f,. 


Criteria for Parallel Resonance 


The frequency f. that makes X, = Xe is always 1/(27VLC). However, for low-Q 
circuits, f. does not necessarily provide the desired resonance effect. The three main 
criteria for parallel resonance are 


1. Zero phase angle and unity power factor. 
2. Maximum impedance and minimum line current. 
3. X, = Xe. This is resonance at f. = 1/(22VLC). 


These three effects do not occur at the same frequency in parallel circuits that 
have low Q. The condition for unity power factor is often called antiresonance in a 
parallel LC circuit to distinguish it from the case of equal X, and Xo. 

Note that when Q is 10 or higher, though, the parallel branch currents are practi- 
cally equal when X, = Xo. Then at f. = 1/(2aVLC), the line current is minimum 
with zero phase angle, and the impedance is maximum. 

For a series resonant circuit, there are no parallel branches to consider. Therefore, 
the current is maximum at exactly f., whether the Q is high or low. 


E 25-9 Self-Review 


Answers at the end of the chapter. 


a. Isa Q of 8a high or low value? 
b. With this Q, will the Z, be more or less than J, in the parallel 
branches when X, = Xo? 


25-10 Damping of Parallel 
Resonant Circuits 


In Fig. 25—15a, the shunt R, across L and C is a damping resistance because it low- 
ers the Q of the tuned circuit. The R, may represent the resistance of the external 
source driving the parallel resonant circuit, or R, can be an actual resistor added for 
lower Q and greater bandwidth. Using the parallel R, to reduce Q is better than 


Figure 25-15 The Q of a parallel resonant circuit in terms of coil resistance rs and parallel damping resistor Rp. See Formula (25-10) for 
calculating Q. (a) Parallel Rẹ but negligible rs. (b) Series r, but no Rp branch. (c) Both R, and rs. 
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500 Q 
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increasing the series resistance r, because the resonant response is more symmetri- 
cal with shunt damping. 

The effect of varying the parallel R, is opposite from that of the series r,. A lower 
value of R, lowers the Q and reduces the sharpness of resonance. Remember that 
less resistance in a parallel branch allows more current. This resistive branch current 
cannot be canceled at resonance by the reactive currents. Therefore, the resonant dip 
to minimum line current is less sharp with more resistive line current. Specifically, 
when Q is determined by parallel resistance 


R 
o=% (25-9) 


This relationship with shunt R, is the reciprocal of the Q formula with series r. 
Reducing R, decreases Q, but reducing r, increases Q. The damping can be done by 
series r, parallel R,, or both. 


Parallel R, without r, 


In Fig. 25-15a, Q is determined only by the Rp, as no series r is shown. We can 
consider that r, is zero or very small. Then the Q of the coil is infinite or high 
enough to be greater than the damped Q of the tuned circuit, by a factor of 10 or 
more. The Q of the damped resonant circuit here is R,/X,, = %0 = 100. 


Series r, without R, 


In Fig. 25-155, Q is determined only by the coil resistance 7,, as no shunt damping 
resistance is used. Then Q = X,/r, = ®% = 100. This is the Q of the coil, which is 
also the Q of the parallel resonant circuit without shunt damping. 


Conversion of r, or R, 


For the circuits in both Fig. 25—-15a and b, Q is 100 because the 50,000-Q R, is 
equivalent to the 5-Q 7, as a damping resistance. One value can be converted to the 
other. Specifically, 


2 
att 

<= 
Rp 

or 

X? 
R, =-= 
P Fs 


In this example, r, equals *°°%o0,000 = 5 Q, or R, is 5%% = 50,000 Q. 


Damping with Both r, and R, 


Figure 25-15c shows the general case of damping where both r, and R, must be 
considered. Then the Q of the circuit can be calculated as 


X 


O- FXR aii 


For the values in Fig. 25-15c, 
Q= 500 — 500 _ 500 
5 + 250,000/50,000 5+5 10 
=50 


The Q is lower here compared with Fig. 25—15a or b because this circuit has both 
series and shunt damping. 
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Note that for an r, of zero, Formula (25-10) can be inverted and simplified to 
Q=R,/X,. This is the same as Formula (25-9) for shunt damping alone. 

For the opposite case where R, is infinite, that is, an open circuit, Formula (25-10) 
reduces to X, /r;. This is the same as Formula (25—4) without shunt damping. 


E 25-10 Self-Review 


Answers at the end of the chapter. 


a. A parallel resonant circuit has an X, of 1000 Q and an r, of 20 Q, 
without any shunt damping. Calculate Q. 

b. A parallel resonant circuit has an X, of 1000 Q, negligible r, and 
shunt R, of 50 kQ. Calculate Q. 

c. How much is Z,, at f, for the circuits in Questions a and b? 


25-11 Choosing Land Cfor a 
Resonant Circuit 


The following example illustrates how resonance is an application of X, and X,. 
Suppose that we have the problem of determining the inductance and capacitance 
for a circuit resonant at 159 kHz. First, we need a known value for either L or C to 
calculate the other. Which one to choose depends on the application. In some cases, 
particularly at very high frequencies, C must be the minimum possible value, which 
might be about 10 pF. At medium frequencies, though, we can choose L for the 
general case when an X, of 1000 Q is desirable and can be obtained. Then the induc- 
tance of the required L, equal to X,/2zf, is 0.001 H or 1 mH, for the inductive reac- 
tance of 1000 Q. 

For resonance at 159 kHz with a 1-mH L, the required C is 0.001 „F or 1000 pF. 
This value of C can be calculated for an Xo of 1000 Q, equal to X, at the f. of 
159 kHz, or from Formula (25-2). In either case, if you substitute 1 x 10~° F for C 
and 1 x 10-*H for L in the resonant frequency formula, f will be 159 kHz. 

This combination is resonant at 159 kHz whether L and C are in series or parallel. 
In series, the resonant effect produces maximum current and maximum voltage 
across L or C at 159 kHz. The effect is desirable for the input circuit of an rf ampli- 
fier tuned to f. because of the maximum signal. In parallel, the resonant effect at 
159 kHz is minimum line current and maximum impedance across the generator. 
This effect is desirable for the output circuit of an rf amplifier, as the gain is maxi- 
mum at f. because of the high Z. 

If we assume that the 1-mH coil used for L has an internal resistance of 20 Q, the 
Q of the coil is 1000 Q/20 Q, which equals 50. This value is also the Q of the series 
resonant circuit. If there is no shunt damping resistance across the parallel LC cir- 
cuit, its Q is also 50. With a Q of 50, the bandwidth of the resonant circuit is 
159 kHz/50, which equals 3.18 kHz for Af. 


E 25-11 Self-Review 
Answers at the end of the chapter. 


a. What is f. for 1000 pF of C and 1 mH of L? 
b. What is f. for 250 pF of C and 1 mH of L? 
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Summary 


Series and parallel resonance are 
compared in Table 25—5. The main 
difference is that series resonance 
produces maximum current and 
very low impedance at f,, but with 


parallel resonance, the line current 
is minimum to provide very high 
impedance. Remember that these 
formulas for parallel resonance are 
very close approximations that can 


be used for circuits with a Q higher 
than 10. For series resonance, the 
formulas apply whether the Q is high 
or low. 


Table 25-5 Comparison of Series and Parallel Resonance 


Parallel Resonance (high Q) 


Series Resonance 


ak a 

T OE ING. 

I maximum at f, with @ of 0° 
Impedance Z minimum at f, 
O) = Sif Fan OF 

O= Vona Vis 

Q rise in voltage = Q X Ven 


Bandwidth Af = £/Q 


Circuit capacitive below f,, but inductive 


above f, 


Needs low-resistance source for low rs, 


high Q, and sharp tuning 


Source is inside LC circuit 


Important Terms 


Antiresonance — a term to describe the 
condition of unity power factor in a 
parallel LC circuit. Antiresonance is 
used to distinguish it from the case of 
equal X, and Xe values in a series LC 
circuit. 


Bandwidth — the width of the resonant 
band of frequencies centered around 
the resonant frequency of an LC 
circuit. 


Damping — a technique for reducing the 
Q of a resonant circuit to increase the 
bandwidth. For a parallel resonant 
circuit, damping is typically 


800 


E 
0 DaN le 


lı minimum at f, with 0 of O° 


Impedance Z maximum at f, 


O =f Fey OF 


Q = ZTN 


Q rise in impedance = Q Xx X, 


Bandwidth Af = f,/Q 


above f, 


Circuit inductive below f,, but capacitive 


Needs high-resistance source for high Rp, 


high Q, and sharp tuning 


Source is outside LC circuit 


accomplished by adding a parallel 
resistor across the tank circuit. 


Flywheel effect — the effect that 
reproduces complete sine waves in a 
parallel LC tank circuit when the input 
is only a pulse. 


Half-power points — the frequencies 
above and below the resonant 
frequency that have a current or 
voltage value equal to 70.7% of its 
value at resonance. 

Q of a resonant circuit — a measure of 
the sharpness of a resonant circuit's 
response curve. The higher the ratio 


of the reactance at resonance to the 
series resistance, the higher the Q 
and the sharper the resonant effect. 


Resonant frequency — the frequency at 
which the inductive reactance, X,, and 
the capacitive reactance, X<, of an LC 
circuit are equal. 


Tank circuit — another name for a 


parallel resonant LC circuit. 


Tuning — a means of obtaining 


resonance at different frequencies by 
varying either L or Cin an LC circuit. 
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Related Formulas 


f= 


C= 


L= 


1 
2nV1C 

1 
4n°f?L 


1 
Anf°C 


X, . a 
Q=% (series resonant circuit or parallel 


“resonant circuit with no R,) 


Self-Test 


Answers at the back of the book. 


1. 


The resonant frequency of an LC 
circuit is the frequency where 


a.X,=OQandX-=0Q. 
b. X, =X. 
c. X and r of the coil are equal. 


d. X, and X, are in phase. 


. The impedance of a series LC circuit 


at resonance is 
a. maximum. 
b. nearly infinite. 


c. minimum. 


d. both a and b. 


. The total line current, /,, of a parallel 


LC circuit at resonance is 
a. minimum. 

b. maximum. 

c. equal to |, and I. 


d. Q times larger than /, or le. 


. The current at resonance in a series 


LC circuit is 

a. zero. 

b. minimum. 

c. different in each component. 


d. maximum. 


. The impedance of a parallel LC circuit 


at resonance is 
a. zero. 
b. maximum. 


. minimum. 


oO 


d. equal to the r, of the coil. 


. The phase angle of an LC circuit at 


resonance is 
a0? 

b. +90°. 

c. 180°. 

d. —90°. 


Resonance 


Vout 
Va 
Zeto =0X X, (parallel resonant circuit) 
Í. 
f=4Af=5 


h- 


7. 


10. 


11 


12. 


Below resonance, a series LC circuit 
appears 


inductive. 


a. 
b. resistive. 


oO 


. Capacitive. 


d. none of the above. 


. Above resonance, a parallel LC 


circuit appears 
inductive. 


ay 
b. resistive. 


a) 


. Capacitive. 


d. none of the above. 


. A parallel LC circuit has a resonant 


frequency of 3.75 MHz and a Qof 
125. What is the bandwidth? 


a. 15 kHz. 
b. 30 kHz. 
c. 60 kHz. 


d. none of the above. 


What is the resonant frequency of an 
LC circuit with the following values: 


L=1004H and C= 63.3 pF? 


a.f=1 MHz. 
b.f =8 MHz. 
c. f =2 MHz. 
d. f. = 20 MHz. 


. What value of capacitance is needed 


to provide a resonant frequency of 
1 MHzif Lequals 50 pH? 


a. 506.6 pF. 
b. 506.6 uF. 
c. 0.001 pF. 
d. 0.0016 uF. 


When either Lor Cis increased, 
the resonant frequency of an LC 
circuit 

a. decreases. 


b. increases. 


Q 


Q 


13. 


14. 


15. 


16. 


17. 


R, 
=-= (Q for parallel resonant circuit 
t without series r.) 


X, 


L 
s= r Of llel t 
r+ XJR, (Q for parallel resonan 


circuit with both r, 


and R,) 


c. doesn't change. 


d. It cannot be determined. 


A series LC circuit has a Qof 100 at 
resonance. If V,, = 5 mV „p, how 
much is the voltage across C? 


a. 50. HV pp 
b. 5 MV, 
c50 MV: 
d. 500 mV,- 


In a low Q parallel resonant circuit, 
when X, = Xc, 


alh Ses 
b. / is less than lg. 
c. leis less than /). 


d./, is more than [.. 


To double the resonant frequency of 
an LC circuit with a fixed value of L, 
the capacitance, C, must be 


a. doubled. 
b. quadrupled. 
c. reduced by one-half. 


d. reduced by one-quarter. 


A higher Q for a resonant circuit 
provides a 


a. dampened response curve. 
b. wider bandwidth. 
c. narrower bandwidth. 


d. none of the above. 


The current at the resonant 
frequency of a series LC circuit is 
10 mA,,,. What is the value of 
current at the half-power points? 


a. LOT mA, 5: 
b. 14.14 mA,,,. 
ES MAp: 

d. 10 mA,,. 
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18. The Q of a parallel resonant circuit 
can be lowered by 


a. 


. adding more resistance in series 


. decreasing the value of L or C. 


placing a resistor in parallel with 


the tank. a. tuning. 


with the coil. 
d. its Q. 


d. both a and b. 


Essay Questions 


a) State two characteristics of series resonance. 

b) With a microammeter measuring current in the series 
LC circuit of Fig. 25-2, describe the meter readings for 
the different frequencies from 600 to 1400 kHz. 


a) State two characteristics of parallel resonance. 

b) With a microammeter measuring current in the main 
ine for the parallel LC circuit in Fig. 25—6a, describe the 
meter readings for frequencies from 600 to 1400 kHz. 


State the Q formula for the following LC circuits: 

(a) series resonant; (b) parallel resonant, with series 
resistance r, in the inductive branch; (c) parallel 
resonant with zero series resistance but shunt Rp. 


Explain briefly why a parallel LC circuit is inductive but 
a series LC circuit is capacitive below f. 


What is the effect on Q and bandwidth of a parallel 
resonant circuit if its shunt damping resistance is 
decreased from 50,000 to 10,000 Q? 


Describe briefly how you would use an AC meter to 
measure the bandwidth of a series resonant circuit to 
calculate the circuit Q. 


Why is a low-resistance generator good for high Q in 
series resonance, but a high-resistance generator is 
needed for high Q in parallel resonance? 


Problems 


SECTION 25-1 THE RESONANCE EFFECT 


25-1 


25-2 


25-3 


Define what is meant by a resonant circuit. 
What is the main application of resonance? 


If an inductor in a resonant LC circuit has an X, value of 
1 kQ, how much is X? 


SECTION 25-2 SERIES RESONANCE 


25-4 


25-5 
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List the main characteristics of a series resonant circuit. 


Figure 25-16 shows a series resonant circuit with the 
values of X, and X; at f.. Calculate the 


a netreactance, X. 
b. total impedance, Z,. 
c. current, /. 


d. phase angle, 8. 


19. The ability of an LC circuit to supply 
complete sine waves when the input 
to the tank is only a pulse is called 


b. the flywheel effect. 


c. antiresonance. 


10. 


11. 


12: 


13. 


14. 


15. 


20. Which of the following can provide a 
higher Q? 
a. a higher L/C ratio. 
b. a lower L/C ratio. 
c. more resistance in series with the 
coil. 


d. either b or c. 


Referring to Fig. 25—13, why is it that the middle 
frequency of 1080 kHz does not correspond to the 
middle capacitance value of 200 pF? 


(a) Give three criteria for parallel resonance. (b) Why is 
the antiresonant frequency f, different from f, with a 
low-Q circuit? (c) Why are they the same for a high-Q 
circuit? 


Show how Formula (25—10) reduces to R,/X, when r is 
zero. 


(a) Specify the edge frequencies f, and f, for each of the 
three response curves in Fig. 25—11. (b) Why does 
lower Q allow more bandwidth? 


(a) Why does maximum Z for a parallel resonant circuit 
correspond to minimum line current? (b) Why does zero 
phase angle for a resonant circuit correspond to unity 
power factor? 


Explain how manual tuning of an LC circuit can be done 
with a capacitor or a coil. 


What is meant by electronic tuning? 


Suppose it is desired to tune an LC circuit from 540 to 
1600 kHz by varying either L or C. Explain how the 
bandwidth Afis affected by (a) varying L to tune the LC 
circuit; (b) varying C to tune the LC circuit. 


e. voltage across L. 
f. voltage across C. 


g. voltage across r. 


Figure 25-16 


X =2KQ 


rs=40Q 


L =212 uH 


V =1mV 
f= f =1.5 MHz 


C=53pF 
Xc=2kQ 
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25-6 In Fig. 25-16, what happens to Z, and / if the frequency 
of the applied voltage increases or decreases from the 
resonant frequency, f? Explain your answer. 

25-7 In Fig. 25-16, why is the phase angle, 0, O° at f? 

25-8 In Fig. 25—16, assume that the frequency of the 


applied voltage increases slightly above f and 
X, = 2.02 kQ, and X; = 1.98 kQ. Calculate the 


a. net reactance, X. 

b. total impedance, Z. 
. current, /. 
. phase angle, 0. 


c 

d 

e. voltage across L. 
f. voltage across C. 
g 


. voltage across rs. 


SECTION 25-3 PARALLEL RESONANCE 
25-9 List the main characteristics of a parallel resonant circuit. 


25-10 Figure 25-17 shows a parallel resonant circuit with 
the same values for X,, X-, and rs as in Fig. 25—16. With 
an applied voltage of 10 V and a total line current, h, 
of 100 4A, calculate the 


a. inductive current, /, (ignore r.). 
b. capacitive current, le- 
c. net reactive branch current, ly. 


d. equivalent impedance, Z;q, of the tank circuit. 


Figure 25-17 


| T, =100 uA 


L = 212 4H 
X.=2kQ 


vV, = 10 V 


f=f=15 MHz 


r= 402 


25-11 In Fig. 25-17, is X, X, or rs responsible for the line 
current, /,, of 100 pA at f? 


25-12 In Fig. 25-17, what happens to Zza and /; as the 
frequency of the applied voltage increases or decreases 
from the resonant frequency, f? Explain your answer. 


SECTION 25-4 RESONANT FREQUENCY 

f£=1/(22V LC) 

25-13 Calculate the resonant frequency, f., of an LC circuit 
with the following values: 


a. L= 100 uH and C= 40.53 pF. 
b. L= 250 4H and C= 633.25 pF. 
. L=40 uH and C= 70.36 pF. 
d. L= 50 uH and C = 20.26 pF. 


a) 


25-14 What value of inductance, L, must be connected in series 
with a 50-pF capacitance to obtain an f, of 3.8 MHz? 


Resonance 


25-15 What value of capacitance, C, must be connected in 
parallel with a 100-wH inductance to obtain an f, of 
1.9 MHz? 


25-16 In Fig. 25-18, what is the range of resonant 
frequencies as C is varied from 40 to 400 pF? 


Figure 25-18 


L=20 uH rs = 12.56 Q 


V; =10 mV C = 40—400 pF 


25-17 With C set at 50.67 pF in Fig. 25—18, solve for the 
following: 


a. f. 

b. X, and Xe at f.. 
atf 
.latf. 

. V and V; at f.. 
f. O,atf. 


25-18 In Fig. 25-18, what value of C will provide an f, of 
2.5 MHz? 


0 ana 


25-19 If Cis set at 360 pF in Fig. 25—18, what is the resonant 
frequency, f,2? What value of C will double the resonant 
frequency? 


SECTION 25-5 Q MAGNIFICATION FACTOR OF A 
RESONANT CIRCUIT 


25-20 What is the Q of the series resonant circuit in Fig. 
25-18 with C set at 


a. 202.7 pF? 
b. 50.67 pF? 


25-21 A series resonant circuit has the following values: 
L= 50 uH, C= 506.6 pF, rn = 3.14 Q, and 

n = 10 mV. Calculate the following: 

a. f. 

b. Q. 

c. Vand Ve 


25-22 In reference to Prob. 25—21, assume that L is doubled 
to 100 uH and Cis reduced by one-half to 253.3 pF. 
f r; and V, remain the same, recalculate the following: 


a. f. 
b.Q 


c. Vand KY. 


25-23 What is the Q of a series resonant circuit if the output 
voltage across the capacitor is 15 V,, with an input 
voltage of 50 mV? 


25-24 Explain why the Q of a resonant circuit cannot increase 
without limit as X, increases for higher frequencies. 
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25-25 In Fig. 25-19, solve for the following: 
a. fo 

b. X and X; at f.. 

sh andleat f 

Q. 

Zeo at fo- 

l. 


mw OD a 6 


Figure 25-19 


L =100 4H 
C= 


162.11 pF 


r = 785 


25-26 For the parallel resonant circuit in Fig. 25-17, 


prove that Zza = 100 kQ, as calculated earlier in 
step d of Prob. 25-10. 


25-27 The equivalent impedance, Zo» of an LC tank circuit 
measures 150 kQ using the experimental technique 
shown in Fig. 25-9. If the resonant frequency is 
2.5 MHz and L = 50 wH, calculate the Q of the 
resonant circuit. 


SECTION 25-6 BANDWIDTH OF A RESONANT 
CIRCUIT 


25-28 With C set at 50.67 pF in Fig. 25-18, calculate the 
ollowing: 


a. the bandwidth, Af. 
b. the edge frequencies f, and f. 


c. the current, /, at f, fi, and f. 


25-29 In Fig. 25-19, calculate the following: 
a. the bandwidth, Af. 


b. the edge frequencies f, and f. 


c. the equivalent impedance, Zgo at f, fi and fo. 


25-30 Does a higher Q correspond to a wider or narrower 
bandwidth? 


25-31 In Fig. 25—20, calculate the following: 
a. f. 

b. X, and X; at f. 

EI A 

. lath. 

Q. 

V, and V; at f.. 

Oath. 

. Af, fp and fi. 

i. Tath and f 


zao hoap 
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Figure 25-20 


L =50 uH rs =18.85 Q 


C=56.3 pF 


25-32 In Fig. 25—20, calculate the following values at the 
edge frequency, f: 


a 
b. Xo. 


. the net reactance, X. 


O 


. 0. 


25-33 Using the values from Probs. 25-31 and 25-32, 
compare Z, and / at f, and f.. 


25-34 In Fig. 25—21 , calculate the following: 
a. f. 

. X and X; at f.. 

. l and lș at f. 


(©; 


. Aff, and f. 


Figure 25-21 


L = 250 4H 


C= 101.3 pF 


rs = 12.579 


25-35 In Fig. 25-21, how much is Z¢ at f and f? How much 
is 4? 


SECTION 25-7 TUNING 
25-36 In Fig. 25-18, calculate 
a. the capacitance tuning ratio. 


b. the ratio of the highest to lowest resonant frequency 
when Cis varied from its lowest to its highest value. 


25-37 In Fig. 25-18, is the voltage across the capacitor the 
same for all resonant frequencies across the tuning 
range? Why or why not? 
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SECTION 25-8 MISTUNING 


25-38 Does a series LC circuit appear capacitive or inductive 
when the frequency of the input voltage is 


a. lower than its resonant frequency? 


b. higher than its resonant frequency? 


25-39 Does a parallel LC circuit appear capacitive or inductive 
when the frequency of the input voltage is 


a. lower than its resonant frequency? 


b. higher than its resonant frequency? 


SECTION 25-9 ANALYSIS OF PARALLEL RESONANT 
CIRCUITS 
25-40 Is a Q of 5 considered a low or a high Q? 


25-41 In Fig. 25-21, is the Q at f. considered a low or a high Q? 


25-42 If r is increased to 392.8 Q in Fig. 25-21, calculate 
the following values: 


a. fe 


25-43 In Prob. 25—42, calculate /, and /. at f.. Are they equal? 
If not, why? 


Critical Thinking 


25-51 Prove that 
X= VLC 


for an LC circuit at f,. 


Answers to Self-Reviews 25-1 a. 1000kHz 
b. 1000 kHz 


25-2 a. false 
b. true 
e.true 


25-3 a. false 
b. true 
c. true 


25-4 a. decreased 
b. 200 uH 
c. 39.48 


25-5 a. 100 
b. 25 kQ 


Resonance 


25-44 In reference to step c of Prob. 25—42, calculate Zgo as 
Q x X,. Does this answer agree with the original value 
obtained in Prob. 25—42, step c? If not, why? 


25-45 In reference to Prob. 25—42, do you think Zzo is 
maximum at f, or is Zgo maximum above or below f? 


SECTION 25-10 DAMPING OF PARALLEL 
RESONANT CIRCUITS 


25-46 In Fig. 25-19, calculate the Q and bandwidth, Af, if a 
100-kQ resistor is placed in parallel with the tank 
circuit. 


25-47 In Fig. 25-21, calculate the Q and bandwidth, Af, if a 
2-MQ resistor is placed in parallel with the tank 
circuit. 


25-48 In Fig. 25-19, convert the series resistance, rs, to an 
equivalent parallel resistance, Rp. 


25-49 Repeat Prob. 25—48 for Fig. 25-21. 


SECTION 25-11 CHOOSING LAND CFORA 
RESONANT CIRCUIT 


25-50 Assume that it is desired to have an X, value of 1.5 kQ 
at the resonant frequency of 2 MHz. What are the 
required values of L and C? 


25-52 Suppose you are an engineer designing a coil to be 
used in a resonant LC circuit. Besides obtaining the 
required inductance L, your main concern is to reduce 
the skin effect to obtain as high a Q as possible for the 
LC circuit. List three design techniques that would 
reduce or minimize the skin effect in the coil windings. 


25-6 a.0.25 MHz 


.50 


o o 


25-7 a. lowest 


a 
b. 1:4 


25-8 a. capacitive 
b. inductive 


25-9 a. low 
b. less 
25-10 a. 50 
b.50 
c. 50 kQ 


25-11 a. 159 kHz 
b. 318 kHz 
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Laboratory Application Assignment 


In this lab application assignment, you will examine the resonant 
effect in both series and parallel LC circuits. You will construct a 
series LC circuit and see how the current, /, rises to its maximum 
value at resonance. You will also construct a parallel LC circuit 
and see how the impedance, Z, rises to its maximum value at 
resonance. 


Equipment: Obtain the following items from your instructor. 


* Function generator 

* Oscilloscope 

+ 4.7-mH inductor 

* 0.001-“F capacitor 

47-Q and 100 kQ carbon-film resistors 


Determining the Resonant Frequency, f,, of a 
Series LC Circuit 


Examine the series LC circuit in Fig. 25—22a. Calculate and 
record the resonant frequency, f.. f. = 


Construct the series LC circuit in Fig. 25—22a. Connect 
channel 1 of the oscilloscope to the input voltage, Vn, and 


channel 2 across the resistor, R, as shown. Set the input 


voltage to 1 Vp, and the frequency, f, to the value calculated for 
Í. While viewing the resistor voltage, Vg, move the frequency 
dial back and forth. Measure and record the frequency that 
produces the maximum resistor voltage, Vp. This frequency is 
the resonant frequency, f.. f. = 


Record the measured value of V} at f.. (Make sure that V, is still 
Serio l Vad aS Does the fact that Vp is 
maximum at f, prove that the series current, /, is also maximum 


atf? If your answer was yes, then explain why. __ 


Using the measured value of V}, calculate and record the series 
current, /, at f, W= Vaep.p/RI. f= pp Based on the 
fact that the current, /, decreases to 70.7% of its maximum value 
at the edge frequencies f, and fh, experimentally determine the 
bandwidth, Af, of the resonant circuit. (This may be difficult to 
do.) Af= Calculate the Q of the circuit using the 
measured values of f, and Af. Q = 


Using the oscilloscope, measure and record the phase 
relationship between V,, and Vp at f.0 = 


Figure 25-22 


Channel Se 


L=47mH 


Vin =1Vp.p 


L=47 mH 
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C= 0.001 pF 


R=47Q 


ae Channel 2 


Ve 
R= 470 


ve Channel 2 


Vo 
| C=0.001 pF 
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Does the series current have the same phase as the resistor 
voltage, Vp? If so, what is the phase relationship 


between V,, and/atf2@= 


While adjusting the frequency dial above and below resonance, 
does the input voltage, V, dip at the resonant frequency? 
If your answer was yes, explain why this occurs. 


Rearrange the components as in Fig. 25—22b. Move the 

frequency dial back and forth until the capacitor voltage, V., is at 

its maximum value. The frequency at which V, is maximum is the 

resonant frequency, f.. This frequency should be very close to the 

frequency where Vz was maximum in Fig. 25—22a. Record the 

ae KS ams 
If so, 


peak-to-peak capacitor voltage, Vi. Vo = 
value larger than the input voltage, V,,,? 
how is this possible? 


10 V,, and the frequency, f, to the value calculated for f,. 
While viewing the tank voltage, Vian move the frequency dial 
back and forth. Measure and record the frequency that 
produces the maximum tank voltage, V,,,,,. This frequency is 
the resonant frequency, f.. f = 
Is the resonant frequency, f, the same as it was in Fig. 25—22? 


Does this prove that the resonant frequency is calculated the 
same way for both series and parallel LC circuits? 


In Fig. 25-23, why is the tank voltage, V,.,,,, maximum at f? 


From the measured values in Fig. 25—23, explain how the tank 


impedance, Zano can be experimentally determined. 


ank? 


Determining the Resonant Frequency, f,, of a 
Parallel Resonant Circuit 


Examine the parallel LC circuit in Fig. 25-23. Calculate and 
record the resonant frequency, f.. f = 


Construct the parallel LC circuit in Fig. 25—23. Connect 
channel 1 of the oscilloscope to the input voltage, V, and 
channel 2 across the tank circuit. Set the input voltage to 


What is the value of the tank impedance in Fig. 25-23? 
Zan = 


What is the measured phase relationship between V, and V, 
atf? 


ank 


Does the input voltage, V,,, dip at the resonant frequency like it 


Design credit Multisim: ©Stockbyte/Getty Images 


did in the series LC circuit of Fig. 25—22? If not, 
ae explain why. 
Figure 25-23 
Channel 1 R= 100 kQ Channel 2 
a ve 
V,,=10 Vp.p C = 0.001 pF 
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Filters 


filter separates different components that are mixed together. For instance, a 
mechanical filter can separate particles from liquid or small particles from large 
particles. An electrical filter can separate different frequency components. 


Generally, inductors and capacitors are used for filtering because of their opposite 
frequency characteristics. Inductive reactance X, increases but capacitive reactance 
Xc decreases with higher frequencies. In addition, their filtering action depends on 
whether L and C are in series or in parallel with the load. 


The amount of attenuation offered by a filter is usually specified in decibels (dB). The 
decibel is a logarithmic expression that compares two power levels. The frequency 
response of a filter is usually drawn as a graph of frequency versus decibel 
attenuation. 


The most common filtering applications are separating audio from radio frequencies, 
or vice versa, and separating AC variations from the average DC level. There are 


many of these applications in electronic circuits. E 


26-1 Examples of Filtering 


26-2 Direct Current Combined with 
Alternating Current 


26-3 Transformer Coupling 
26-4 Capacitive Coupling 
26-5 Bypass Capacitors 
26-6 Filter Circuits 


26-7 Low-Pass Filters 
26-8  High-Pass Filters 
26-9 Analyzing Filter Circuits 


26-10 Decibels and Frequency Response 
Curves 


26-11 
26-12 Interference Filters 


Resonant Filters 


After studying this chapter, you should be able to 

Œ State the difference between a low-pass and 
a high-pass filter. 

m Explain what is meant by pulsating direct current. 


m Explain how a transformer acts as a high- 
pass filter. 


Æ Explain how an RC coupling circuit couples 
alternating current but blocks direct current. 


m Explain the function of a bypass capacitor. 


B® Calculate the cutoff frequency, output voltage, 
and phase angle of basic RL and RC filters. 


Æ Explain the operation of band-pass and band- 


stop filters. 


Æ Explain why log-log graph paper or semilog 


graph paper is used to plot a frequency 
response. 


™ Define the term decibel. 


m Explain how resonant circuits can be used as 


band-pass or band-stop filters. 


™ Describe the function of a power-line filter 


and a television antenna filter. 


attenuation crystal filter 


band-pass filter cutoff frequency 
band-stop filter decade 


bypass capacitor 


decibel (dB) low-pass filter 
fluctuating DC octave 
high-pass filter pulsating DC 
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GOOD TO KNOW 


The AC signal voltages present at 


the input to a filter usually span a 


wide range of frequencies. 


26-1 Examples of Filtering 


Electronic circuits often have currents of different frequencies corresponding to 
voltages of different frequencies because a source produces current with the 
same frequency as the applied voltage. As examples, the AC signal applied to an 
audio circuit can have high and low audio frequencies; an rf circuit can have a 
wide range of radio frequencies at its input; the audio detector in a radio has 
both radio frequencies and audio frequencies in the output. Finally, the rectifier 
in a power supply produces DC output with an AC ripple superimposed on the 
average DC level. 

In such applications where the current has different frequency components, it is 
usually necessary either to favor or to reject one frequency or a band of frequencies. 
Then an electrical filter is used to separate higher or lower frequencies. 

The electrical filter can pass the higher-frequency component to the load 
resistance, which is the case of a high-pass filter, or a low-pass filter can be 
used to favor the lower frequencies. In Fig. 26—1a, the high-pass filter allows 
10 kHz to produce output, while rejecting or attenuating the lower frequency of 
100 Hz. In Fig. 26-15, the filtering action is reversed to pass the lower fre- 
quency of 100 Hz, while attenuating 10 kHz. These examples are meant for 
high and low audio frequencies. 

For the case of audio frequencies mixed with radio frequencies, a low-pass filter 
allows the audio frequencies in the output, whereas a high-pass filter allows passing 
the radio frequencies to the output. 


E 26-1 Self-Review 


Answers at the end of the chapter. 


A high-pass filter will pass which of the following: 
a. 100 Hz or 500 kHz. 
b. 60 Hz or a steady DC level. 


26-2 Direct Current Combined 
with Alternating Current 


Current that varies in amplitude but does not reverse in polarity is considered 
pulsating or fluctuating direct current. It is not a steady direct current because 
its value fluctuates. However, it is not alternating current because the polarity 
remains the same, either positive or negative. The same idea applies to 
voltages. 


Figure 26-1 


frequencies to the load. 
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Input 


Off) we 


High-pass 


filter 


Function of electrical filters. (a) High-pass filter couples higher frequencies to the load. (b) Low-pass filter couples lower 


Output to load Input Output to load 


f N A 10 kHz 
A (\ [\ toKHz Lawes SN 100 Hz 


VV S N 100 Hz niner XS 


(6) 
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Figure 26-2 An example of a pulsating or fluctuating direct current and voltage. (a) Circuit. (b) Graph of voltage across R,. This V equals 
V of the battery plus V, of the AC source with a frequency of 1000 Hz. 


GOOD TO KNOW 


In Fig. 26-2, both the DC and AC 
voltage sources deliver power to 
the load, R,. The combined voltage 
of the AC and DC sources is called 
the effective voltage, designated 
V.q- The effective voltage V,, can be 


calculated as V= W/Vic + V? 


rms 


Steady DC value 


1000-Hz AC variations 


< 30 
Average DC axis 
[e] 20 see tec ee tea ee Wie nace ae at et agp ee ee a 
> 
4 
Time 
(a) (6) 


Figure 26-2 illustrates how a circuit can have pulsating direct current or voltage. 
Here, the steady DC voltage of the battery V, is in series with the AC voltage V,. 
Since the two series generators add, the voltage across R, is the sum of the two 
applied voltages, as shown by the waveshape of v, in Fig. 26—2b. 

If values are taken at opposite peaks of the AC variation, when V, is at +10 V, it 
adds to the +20 V of the battery to provide +30 V across R,; when the AC volt- 
age is —10 V, it bucks the battery voltage of +20 V to provide +10 V across R,. 
When the AC voltage is at zero, the voltage across R, equals the battery voltage 
of +20 V. 

The combined voltage v, then consists of the AC variations fluctuating above 
and below the battery voltage as the axis, instead of the zero axis for AC voltage. 
The result is a pulsating DC voltage, since it is fluctuating but always has positive 
polarity with respect to zero. 

The pulsating direct current i through R, has the same waveform, fluctuating 
above and below the steady DC level of 20 A. The i and v values are the same 
because R, is 1 Q. 

Another example is shown in Fig. 26-3. If a 100-Q R, is connected across 
120 V, 60 Hz, as shown in Fig. 26-3a, the current in R, will be V/R,. This is an 
AC sine wave with an rms value of !"%oo or 1.2 A. 


Figure 26-3 A combination of AC and DC voltage to provide fluctuating DC voltage across R,. (a) An AC source alone. (b) A DC source 
alone. (c) The AC source and DC source in series for the fluctuating voltage across R,. 


100 Q 
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GOOD TO KNOW 


When a sine wave is symmetrical, 
its DC value can be calculated as 
eS A a a where Mn 
represents the negative-most 


peak of the AC sine wave. 
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Also, if you connect the same R, across the 200-Vpc source in Fig. 26-3b, instead 
of using the AC source, the steady direct current in R, will be ?%oo, or 2 A. The bat- 
tery source voltage and its current are considered steady DC values because there 
are no variations. 

However, suppose that the AC source V, and DC source V, are connected in 
series with R,, as in Fig. 26—3c. What will happen to the current and voltage for R,? 
Will V, or V, supply the current? The answer is that both sources will. Each voltage 
source produces current as though the other were not there, assuming the sources 
have negligibly small internal impedance. The result then is the fluctuating DC 
voltage or current shown, with the AC variations of V, superimposed on the average 
DC level of V. 


DC and AC Components 


The pulsating DC voltage v, in Fig. 26—3c is the original AC voltage V, with its axis 
shifted to a DC level by the battery voltage Vp. In effect, a DC component has been 
inserted into the AC variations. This effect is called DC insertion. 

Referring back to Fig. 26-2, if you measure across R, with a DC voltmeter, 
it will read the DC level of 20 V. An AC-coupled oscilloscope* will show only the 
peak-to-peak variations of +10 V. 

It is convenient, therefore, to consider the pulsating or fluctuating voltage and 
current in two parts. One is the steady DC component, which is the axis or average 
level of the variations; the other is the AC component, consisting of the variations 
above and below the DC axis. Here the DC level for V} is +20 V, and the AC com- 
ponent equals 10 V peak or 7.07 V rms value. The AC component is also called 
AC ripple. 

Note that with respect to the DC level, the fluctuations represent alternating 
voltage or current that actually reverses in polarity. For example, the change of vg 
from +20 to +10 V is a decrease in positive voltage compared with zero. How- 
ever, compared with the DC level of +20 V, the value of +10 V is 10 V more 
negative than the axis. 


Typical Examples of DC Level 
with AC Component 


As a common application, transistors and ICs always have fluctuating DC 
voltage or current when used for amplifying an AC signal. The transistor or IC 
amplifier needs steady DC voltages to operate. The signal input is an AC varia- 
tion, usually with a DC axis to establish the desired operating level. The ampli- 
fied output is also an AC variation superimposed on a DC supply voltage that 
supplies the required power output. Therefore, the input and output circuits have 
fluctuating DC voltage. 

The examples in Fig. 26—4 illustrate two possibilities in terms of polarities with 
respect to chassis ground. In Fig. 26—4a, the waveform is always positive, as in the 
previous examples. This example could apply to the collector voltage on an npn 
transistor amplifier. Note the specific values. The average DC axis is the steady DC 
level. The positive peak equals the DC level plus the peak AC value. The minimum 
point equals the DC level minus the peak AC value. The peak-to-peak value of the 
AC component and its rms value are the same as that of the AC signal alone. How- 
ever, it is better to subtract the minimum from the maximum for the peak-to-peak 
value in case the waveform is unsymmetrical. 


* See Appendix E for an explanation of how to use the oscilloscope. 
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Figure 26-4 Typical examples of a DC voltage with an AC component. (a) Positive fluctuating DC values because of a large positive DC 
component. (b) Negative fluctuating DC values because of a large negative DC component. 
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In Fig. 26—4b, all values are negative. Notice that here the positive peak of the 
AC component subtracts from the DC level because of opposite polarities. Now the 
negative peak adds to the negative DC level to provide a maximum point of negative 
voltage. 


Separating the AC Component 


In many applications, the circuit has pulsating DC voltage, but only the AC compo- 
nent is desired. Then the AC component can be passed to the load, while the steady 
DC component is blocked, either by transformer coupling or by capacitive coupling. 
A transformer with a separate secondary winding isolates or blocks steady direct 
current in the primary. A capacitor isolates or blocks a steady DC voltage. 


E 26-2 Self-Review 


Answers at the end of the chapter. 


For the fluctuating DC waveform in Fig. 26—4a, specify the 
following voltages: 

average DC level. 

maximum and minimum values. 

peak-to-peak of AC component. 

peak and rms of AC component. 


Bop S 


26-3 Transformer Coupling 


Remember that a transformer produces induced secondary voltage just for varia- 
tions in primary current. With pulsating direct current in the primary, the secondary 
has output voltage, therefore, only for the AC variations. The steady DC component 
in the primary has no effect in the secondary. 

In Fig. 26-5, the pulsating DC voltage in the primary produces pulsating primary 
current. The DC axis corresponds to a steady value of primary current that has a 
constant magnetic field, but only when the field changes, can secondary voltage be 
induced. Therefore, only the fluctuations in the primary can produce output in the 
secondary. Since there is no output for the steady primary current, this DC level 
corresponds to the zero level for the AC output in the secondary. 

When the primary current increases above the steady level, this increase pro- 
duces one polarity for the secondary voltage as the field expands; when the primary 
current decreases below the steady level, the secondary voltage has reverse polarity 
as the field contracts. The result in the secondary is an AC variation having opposite 
polarities with respect to the zero level. 

The phase of the AC secondary voltage may be as shown or 180° opposite, 
depending on the connections and direction of the windings. Also, the AC 
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Figure 26-5 Transformer coupling blocks the DC component. With fluctuating direct 
current in the primary Lp, only the AC component produces induced voltage in the 
secondary Ls. 


Fluctuating DC 
in primary 


AC output 
in secondary 


DC axis 


AC 
component 


secondary output may be more or less than the AC component in the primary, 
depending on the turns ratio. This ability to isolate the steady DC component in the 
primary while providing AC output in the secondary applies to all iron-core and 
air-core transformers with a separate secondary winding. 


E 26-3 Self-Review 


Answers at the end of the chapter. 


a. Is transformer coupling an example of a high-pass or low-pass filter? 
b. In Fig. 26-5, what is the level of v, for the average DC level of i,? 


26-4 Capacitive Coupling 


Capacitive coupling is probably the most common type of coupling in amplifier cir- 
cuits. The coupling connects the output of one circuit to the input of the next. The 
requirements are to include all frequencies in the desired signal, while rejecting unde- 
sired components. Usually, the DC component must be blocked from the input to AC 
amplifiers. The purpose is to maintain a specific DC level for the amplifier operation. 

In Fig. 26-6, the pulsating DC voltage across input terminals 1 and 2 is 
applied to the RC coupling circuit. Capacitance Ce will charge to the steady DC 


Figure 26-6 The RC coupling blocks the DC component. With fluctuating DC voltage 
applied, only the AC component produces charge and discharge current for the output 
voltage across R. 
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GOOD TO KNOW 


A DC voltage may be present at 
both the input and output sides 
of an RC coupling circuit. For 
example, the DC component on 
the input side may be the DC 
collector voltage of a transistor 
in one stage, whereas the DC 
component on the output side 
may be the DC base voltage of a 
transistor in another stage. The 
coupling capacitor isolates the 
DC voltages in each stage while 


still coupling the AC signal. 
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level, which is the average charging voltage. The steady DC component is blocked, 
therefore, since it cannot produce voltage across R. However, the AC component 
is developed across R, between the output terminals 3 and 4, because the AC volt- 
age allows C to produce charge and discharge current through R. Note that the 
zero axis of the AC voltage output corresponds to the average level of the pulsat- 
ing DC voltage input. 


The DC Component across C 


The voltage across Ce is the steady DC component of the input voltage because the 
variations of the AC component are symmetrical above and below the average level. 
Furthermore, the series resistance is the same for charge and discharge. As a result, 
any increase in charging voltage above the average level is counteracted by an equal 
discharge below the average. 

In Fig. 26-6, for example, when vi, increases from 20 to 30 V, this effect on 
charging Ce is nullified by the discharge when v,, decreases from 20 to 10 V. At all 
times, however, vi, has a positive value that charges Ce in the polarity shown. 

The net result is that only the average level is effective in charging Ce, since the 
variations from the axis neutralize each other. After a period of time, depending on 
the RC time constant, Co will charge to the average value of the pulsating DC volt- 
age applied, which is 20 V here. 


The AC Component across R 


Although Ce is charged to the average DC level, when the pulsating input voltage 
varies above and below this level, the charge and discharge current produces JR volt- 
age corresponding to the fluctuations of the input. When v,, increases above the 
average level, Co takes on charge, producing charging current through R. Even 
though the charging current may be too small to affect the voltage across Ce appre- 
ciably, the ZR drop across a large value of resistance can be practically equal to the 
AC component of the input voltage. In summary, a long RC time constant is needed 
for good coupling. 

If the polarity is considered, in Fig. 26—6, the charging current produced by an 
increase of v, produces electron flow from the low side of R to the top, adding elec- 
trons to the negative side of Co. The voltage at the top of R is then positive with 
respect to the line below. 

When v, decreases below the average level, C loses charge. The discharge cur- 
rent then is in the opposite direction through R. The result is negative polarity for the 
AC voltage output across R. 

When the input voltage is at its average level, there is no charge or discharge cur- 
rent, resulting in zero voltage across R. The zero level in the AC voltage across R cor- 
responds to the average level of the pulsating DC voltage applied to the RC circuit. 

The end result is that with positive pulsating DC voltage applied, the values 
above the average produce the positive half-cycle of the AC voltage across R; the 
values below the average produce the negative half-cycle. Only this AC voltage 
across R is coupled to the next circuit, as terminals 3 and 4 provide the output from 
the RC coupling circuit. 

It is important to note that there is practically no phase shift. This rule applies to 
all RC coupling circuits, since R must be 10 or more times Xe. Then the reactance is 
negligible compared with the series resistance, and the phase angle of less than 5.7° 
is practically zero. 


Voltages around the RC Coupling Circuit 


If you measure the fluctuating DC voltage across the input terminals 1 and 2 in 
Fig. 26-6 with a DC voltmeter, it will read the average DC level of 20 V. If you con- 
nect an ac-coupled oscilloscope across the same two points, it will show only the 
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Typical Audio Frequency and Radio Frequency 


Coupling Capacitors* 


Table 26-1 
Frequency R=1.6kQ 
100 Hz 10 uF 
1000 Hz 1 uF 
10 kHz Oot) lr 
100 kHz 0.01 uF 
1 MHz 0.001 uF 
10 MHz 100 pF 
100 MHz 10 pF 


* For coupling circuit in Fig. 26-6; Xo = “io R. 


816 


Values of C} 
R=16kQ R=160kQ Frequency Band 
1 WF OA! fale Audio frequency 
0.1 uF 0.01 uF Audio frequency 
0.01 uF 0.001 uF Audio frequency 
0.001 uF 100 pF Radio frequency 
100 pF 10 pF Radio frequency 
10 pF 1 pF Radio frequency 
i ale 0.1 pF Very high frequency 


fluctuating AC component. These voltage variations have a peak value of 10 V, a 
peak-to-peak value of 20 V, or an rms value of 0.707 x 10 = 7.07 V. 

Across points | and 3 for Vo in Fig. 26-6, a DC voltmeter reads the steady DC 
value of 20 V. An AC voltmeter across points 1 and 3 reads practically zero. 

However, an AC voltmeter across the output R between points 3 and 4 will read 
the AC voltage of 7 V, approximately, for V,. Furthermore, a DC voltmeter across R 
reads zero. The DC component of the input voltage is across C, but is blocked from 
the output across R. 


Typical Coupling Capacitors 


Common values of rf and af coupling capacitors for different sizes of series R are 
listed in Table 26-1. In all the cases, the coupling capacitor blocks the steady DC 
component of the input voltage, and the AC component is passed to the resistance. 

The size of Co required depends on the frequency of the AC component. At each 
frequency listed at the left in Table 26-1, the values of capacitance in the horizontal 
row have an X, equal to one-tenth the resistance value for each column. The R 
increases from 1.6 to 16 to 160 kQ for the three columns, allowing smaller values of 
Cc. Typical audio coupling capacitors, then, are about 0.1 to 10 „F, depending on 
the lowest audio frequency to be coupled and the size of the series resistance. Typi- 
cal rf coupling capacitors are about | to 100 pF. 

Values of Co more than about 1 „F are usually electrolytic capacitors, which 
must be connected in the correct polarity. These can be very small; many are ” in. 
long with a low voltage rating of 6 to 25 V for transistor circuits. The small leakage 
current of electrolytic capacitors is not a serious problem in this application because 
of the low voltage and small series resistance of transistor coupling circuits. 


E 26-4 Self-Review 
Answers at the end of the chapter. 
a. In Fig. 26-6, what is the level of v 
average DC level of v,,,? 


b. Which of the following is a typical audio coupling capacitor with a 
1-kQ R: 1 pF; 0.001 nF; or 5 pF? 


across R corresponding to the 


out 
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GOOD TO KNOW 


The AC voltages shown in 

Fig. 26-7 are only approximate 
values. The actual values could 
be determined by applying the 
concepts learned in Chapter 24, 
“Complex Numbers for AC 


Circuits.” 


Filters 


26-5 Bypass Capacitors 


A bypass is a path around a component. In circuits, the bypass is a parallel or shunt 
path. Capacitors are often used in parallel with resistance to bypass the AC compo- 
nent of a pulsating DC voltage. The result, then, is steady DC voltage across the RC 
parallel combination, if the bypass capacitance is large enough to have little reac- 
tance at the lowest frequency of the AC variations. 

As illustrated in Fig. 26-7, the capacitance C, in parallel with R, is an AC bypass 
capacitor for R,. For any frequency at which Xo, is one-tenth of R,, or less, the AC 
component is bypassed around R, through the low reactance in the shunt path. The 
result is practically zero AC voltage across the bypass capacitor because of its low 
reactance. 

Since the voltage is the same across R, and C,, because they are in parallel, there 
is also no AC voltage across R, for the frequency at which C, is a bypass capacitor. 
We can say that R is bypassed for the frequency at which X, is one-tenth of R. The 
bypassing also applies to higher frequencies where Xe is less than one-tenth of R. 
Then the AC voltage across the bypass capacitor is even closer to zero because of its 
lower reactance. 


Bypassing the AC Component 
of a Pulsating DC Voltage 


The voltages in Fig. 26—7 are calculated by considering the effect of C, separately for 
Vpc and for V,... For direct current, C, is practically an open circuit. Then its reactance 
is so high compared with the 5000-Q R, that X, can be ignored as a parallel branch. 
Therefore, R, can be considered a voltage divider in series with R,. Since R, and R, are 
equal, each has 5 V, equal to one-half V,,.. Although this DC voltage division depends 
on R, and R,, the DC voltage across C, is the same 5 V as across its parallel R,. 

For the AC component of the applied voltage, however, the bypass capacitor 
has very low reactance. In fact, Xe, must be one-tenth of R,, or less. Then the 
5000-Q R, is so high compared with the low value of X_, that R, can be ignored as 
a parallel branch. Therefore, the 500-Q Xo, can be considered a voltage divider in 
series with R,. 

With an Xe, of 500 Q, this value in series with the 5000-Q R, allows approxi- 
mately one-eleventh of V,. across C,. This AC voltage, equal to 0.9 V here, is the 
same across R, and C, in parallel. The remainder of the AC applied voltage, approxi- 
mately equal to 9.1 V, is across R,. In summary, then, the bypass capacitor provides 
an AC short circuit across its shunt resistance, so that little or no AC voltage can be 
developed without affecting the DC voltages. 

Measuring voltages around the circuit in Fig. 26-7, a DC voltmeter reads 5 V 
across R, and 5 V across R,. An AC voltmeter across R, reads 9.1 V, which is almost 


Figure 26-7 Low reactance of bypass capacitor C, short-circuits R, for an AC 
component of fluctuating DC input voltage. 
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Table 26-2 
Frequency R=16kQ 
100 Hz 1 uF 
1000 Hz 0.1 uF 
10 kHz 0.01 uF 
100 kHz 0.001 uF 
1 MHz 100 pF 
10 MHz 10 pF 
100 MHz 1 pF 


* For RC bypass circuit in Fig. 26-7; Xo, =YoR. 
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Typical Audio Frequency and Radio 


Frequency Bypass Capacitors* 


Values of C 
R=1.6kQ R=1602 Frequency Band 
10 uF 100 uF Audio frequency 
1 uF 10 uF Audio frequency 
0.1 uF IE Audio frequency 
0.01 uF 0.1 uF Radio frequency 
0.001 uF 0.01 uF Radio frequency 
100 pF 0.001 uF Radio frequency 
10 pF 100 pF Very high frequency 


all of the AC input voltage. Across the bypass capacitor C,, the AC voltage is 
only 0.9 V. 

Typical sizes of rf and af bypass capacitors are listed in Table 26-2. The values 
of C have been calculated at different frequencies for an Xo one-tenth the shunt 
resistance given in each column. The R decreases for the three columns, from 16 kQ 
to 1.6 kQ and 160 Q. Note that smaller values of R require larger values of C for 
bypassing. Also, when X, equals one-tenth of R at one frequency, Xo will be even 
less for higher frequencies, improving the bypassing action. Therefore, the size of 
bypass capacitors should be considered on the basis of the lowest frequency to be 
bypassed. 

Note that the applications of coupling and bypassing for C are really the same, 
except that C; is in series with R and the bypass C is in parallel with R. In both cases, 
Xc must be one-tenth or less of R. Then C, couples the AC signal to R, or the shunt 
bypass short-circuits R for the AC signal. 


Bypassing Radio Frequencies 
but Not Audio Frequencies 


See Fig. 26-8. At the audio frequency of 1000 Hz, C, has a reactance of 1.6 MQ. 
This reactance is so much higher than R, that the impedance of the parallel combi- 
nation is essentially equal to the 16,000 Q of R,. Then R, and R, serve as a voltage 
divider for the applied af voltage of 10 V. Each of the equal resistances has one-half 


Figure 26-8 Capacitor C, bypasses R, for radio frequencies but not for audio frequencies. 


Rz = 16,000 Q 


R, = 16,000 Q 
Var =5V 
Var = 0.9 V 


Xc = 1.6 MQ at 1 kHz 
= 1600 Q at 1 MHz 
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the applied voltage, equal to the 5 V across R, and 5 V across R,. This 5 V at 
1000 Hz is also present across C,, since it is in parallel with R,. 

For the rf voltage at 1 MHz, however, the reactance of the bypass capacitor is 
only 1600 Q. This is one-tenth of R,. Then Xo, and R, in parallel have a combined 
impedance approximately equal to 1600 Q. 

Now, with a 1600-Q impedance for the R,C, bank in series with the 16,000 Q of 
R,, the voltage across R, and C, is one-eleventh the applied rf voltage. Then there is 
0.9 V across the lower impedance of R, and C, with 9.1 V across the larger resis- 
tance of R,. As a result, the rf component of the applied voltage can be considered 
bypassed. The capacitor C, is the rf bypass across R,. 


E 26-5 Self-Review 


Answers at the end of the chapter. 


a. In Fig. 26-8, is C, an af or rf bypass? 
b. Which of the following is a typical audio bypass capacitor across a 
1-kQ R: 1 pF; 0.001 „F; or 5 uF? 


26-6 Filter Circuits 


In terms of their function, filters can be classified as either low-pass or high-pass. A 
low-pass filter allows the lower-frequency components of the applied voltage to 
develop output voltage across the load resistance, whereas the higher-frequency 
components are attenuated, or reduced, in the output. A high-pass filter does the 
opposite, allowing the higher-frequency components of the applied voltage to 
develop voltage across the output load resistance. 

An RC coupling circuit is an example of a high-pass filter because the AC com- 
ponent of the input voltage is developed across R while the DC voltage is blocked 
by the series capacitor. Furthermore, with higher frequencies in the AC component, 
more AC voltage is coupled. For the opposite case, a bypass capacitor is an example 
of a low-pass filter. The higher frequencies are bypassed, but the lower the fre- 
quency, the less the bypassing action. Then lower frequencies can develop output 
voltage across the shunt bypass capacitor. 

To make the filtering more selective in terms of which frequencies are passed to 
produce output voltage across the load, filter circuits generally combine inductance 
and capacitance. Since inductive reactance increases with higher frequencies and 
capacitive reactance decreases, the two opposite effects improve the filtering action. 

With combinations of L and C, filters are named to correspond to the circuit 
configuration. Most common types of filters are the L, T, and z. Any one of the three 
can function as either a low-pass filter or a high-pass filter. 

The reactance X, of either low-pass or high-pass filters with L and C increases 
with higher frequencies, while X, decreases. The frequency characteristics of X, and 
Xo cannot be changed. However, the circuit connections are opposite to reverse the 
filtering action. 

In general, high-pass filters use 


1. Coupling capacitance C in series with the load. Then X, can be low 
for high frequencies to be passed to R,, while low frequencies are 
blocked. 

2. Choke inductance L in parallel across R,. Then the shunt X, can be 
high for high frequencies to prevent a short circuit across R,, while 
low frequencies are bypassed. 


The opposite characteristics for low-pass filters are 


1. Inductance L in series with the load. The high X, for high frequencies can 
serve as a choke, while low frequencies can be passed to R,. 
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GOOD TO KNOW 


An ideal filter would offer zero 
attenuation within the passband 
and infinite attenuation 


throughout the stop band. 


2. Bypass capacitance C in parallel across R,. Then high frequencies are 
bypassed by a small X., while low frequencies are not affected by the 
shunt path. 


The ability of any filter to reduce the amplitude of undesired frequencies is called 
the attenuation of the filter. The frequency at which the attenuation reduces the 
output to 70.7% is the cutoff frequency, usually designated f.. 


E 26-6 Self-Review 


Answers at the end of the chapter. 


a. Does high-pass filtering or low-pass filtering require series C? 
b. Which filtering requires parallel C ? 


26-7 Low-Pass Filters 


Figure 26-9 illustrates low-pass circuits from a single filter element with a shunt 
bypass capacitor in Fig. 26—9a or a series choke in b, to the more elaborate combina- 
tions of an inverted-L type filter in c, a T type in d, and a z type in e and f. With an 
applied input voltage having different frequency components, the low-pass filter 
action results in maximum low-frequency voltage across R,, while most of the high- 
frequency voltage is developed across the series choke or resistance. 

In Fig. 26—9a, the shunt capacitor C bypasses R, at high frequencies. In 
Fig. 26-9), the choke L acts as a voltage divider in series with R,. Since L has maxi- 
mum reactance for the highest frequencies, this component of the input voltage is 
developed across L with little across R,. At lower frequencies, L has low reactance, 
and most of the input voltage can be developed across R,. 

In Fig. 26—9c, the use of both the series choke and the bypass capacitor improves 
the filtering by providing a sharper cutoff between the low frequencies that can 
develop voltage across R, and the higher frequencies stopped from the load by pro- 
ducing maximum voltage across L. Similarly, the T-type circuit in Fig. 26-9d and 
the z-type circuits in e and fimprove filtering. 

Using the series resistance in Fig. 26—9f instead of a choke provides an economi- 
cal z filter in less space. 


Figure 26-9 Low-pass filter circuits. (a) Bypass capacitor C in parallel with R|. (b) Choke L in series with R,. (c) Inverted-L type with choke 
and bypass capacitor. (d) The T type with two chokes and one bypass capacitor. (e) The a type with one choke and bypass capacitors at both 
ends. (f) The æ type with a series resistor instead of a choke. 
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Figure 26-10 The response of a low- 


pass filter with cutoff at 15 kHz. The filter 
passes the audio signal but attenuates 
radio frequencies. 
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Passband and Stop Band 


As illustrated in Fig. 26-10, a low-pass filter attenuates frequencies above the cutoff 
frequency f, of 15 kHz in this example. Any component of the input voltage having a 
frequency lower than 15 kHz can produce output voltage across the load. These frequen- 
cies are in the passband. Frequencies of 15 kHz or more are in the stop band. The sharp- 
ness of filtering between the passband and the stop band depends on the type of circuit. 
In general, the more L and C components, the sharper the response of the filter. There- 
fore, z and T types are better filters than the L type and the bypass or choke alone. 

The response curve in Fig. 26-10 is illustrated for the application of a low-pass 
filter attenuating rf voltages while passing audio frequencies to the load. This is 
necessary when the input voltage has rf and af components but only the audio volt- 
age is desired for the af circuits that follow the filter. 

A good example is filtering the audio output of the detector circuit in a radio 
receiver, after the rf-modulated carrier signal has been rectified. Another common 
application of low-pass filtering is separating the steady DC component of a pulsat- 
ing DC input from the higher-frequency 60-Hz AC component, as in the pulsating 
DC output of the rectifier in a power supply. 


Circuit Variations 


The choice between the T-type filter with a series input choke and the z type with a 
shunt input capacitor depends on the internal resistance of the generator supplying 
input voltage to the filter. A low-resistance generator needs the T filter so that the 
choke can provide high series impedance for the bypass capacitor. Otherwise, the 
bypass capacitor must have extremely large values to short-circuit the low-resistance 
generator at high frequencies. 

The z filter is more suitable with a high-resistance generator when the input 
capacitor can be effective as a bypass. For the same reasons, the L filter can have the 
shunt bypass either in the input for a high-resistance generator or across the output 
for a low-resistance generator. 

In all filter circuits, the series choke can be connected either in the high side of 
the line, as shown in Fig. 26-9, or in series in the opposite side of the line, without 
having any effect on the filtering action. Also, the series components can be con- 
nected in both sides of the line for a balanced filter circuit. 


Passive and Active Filters 


All circuits here are passive filters, as they use only capacitors, inductors, and resis- 
tors, which are passive components. An active filter, however, uses an operational 
amplifier (op amp) on an IC chip, with R and C. The purpose is to eliminate the need 
for inductance L. This feature is important in filters for audio frequencies when large 
coils would be necessary. 


E 26-7 Self-Review 


Answers at the end of the chapter. 


a. Which diagrams in Fig. 26-9 show a z-type filter? 
b. Does the response curve in Fig. 26-10 show low-pass or high-pass 
filtering? 


26-8 High-Pass Filters 


As illustrated in Fig. 26-11, the high-pass filter passes to the load all frequencies 
higher than the cutoff frequency f., whereas lower frequencies cannot develop 
appreciable voltage across the load. The graph in Fig. 26-1 1a shows the response of 
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Figure 26-11 — High-pass filters. (a) The response curve for an audio frequency filter cutting off at 50 Hz. (b) An RC coupling circuit. 
(© Inverted-L type. (d) The T type. (e) The z type. 
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a high-pass filter with a stop band of 0 to 50 Hz. Above the cutoff frequency of 
50 Hz, the higher audio frequencies in the passband can produce af voltage across 
the output load resistance. 

The high-pass filtering action results from using C, as a coupling capacitor in 
series with the load, as in Fig. 26-11. The L, T, and z types use the inductance for 
a high-reactance choke across the line. In this way, the higher-frequency compo- 
nents of the input voltage can develop very little voltage across the series capaci- 
tance, allowing most of this voltage to be produced across R, . The inductance across 
the line has higher reactance with increasing frequencies, allowing the shunt imped- 
ance to be no lower than the value of R,. 

For low frequencies, however, R, is effectively short-circuited by the low induc- 
tive reactance across the line. Also, Ce has high reactance and develops most of the 
voltage at low frequencies, stopping these frequencies from developing voltage 
across the load. 


E 26-8 Self-Review 


Answers at the end of the chapter. 


a. Which diagram in Fig. 26-11 shows a T-type filter? 
b. Does the response curve in Fig. 26—11a show high-pass or low-pass 
filtering? 


26-9 Analyzing Filter Circuits 


Any low-pass or high-pass filter can be thought of as a frequency-dependent voltage 
divider, since the amount of output voltage is a function of frequency. Special for- 
mulas can be used to calculate the output voltage for any frequency of the applied 
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Figure 26-12 RC low-pass filter. (a) Circuit. (b) Graph of V, 


„Versus frequency. 


R=10kQ 


Input voltage, Vn Output voltage, V,,, 


Output voltage, V,,, 
fe 
Frequency —> 


(a) (b) 


voltage. What follows is a more mathematical approach in analyzing the operation 
of the most basic low-pass and high-pass filter circuits. 


RC Low-Pass Filter 


Figure 26-12a shows a simple RC low-pass filter, and Fig. 26-12b shows how its 
output voltage V,,,, varies with frequency. Let’s examine how the RC low-pass filter 


responds when f= 0 Hz (DC) and f= œ Hz. At f= 0 Hz, the capacitor C has infinite 
capacitive reactance Xo, calculated as 


ee 
Xc = fC 
= 1 
2 x mx 0 Hz x 0.01 uF 
=0 QO 


Figure 26-13a shows the equivalent circuit for this condition. Notice that C 
appears as an open. Since all the input voltage appears across the open in a series 
circuit, V,,, must equal V,, when f = 0 Hz. 


At the other extreme, consider the circuit when the frequency fis very high or 
infinitely high. Then Xe = 0 Q, calculated as 


__1 
ol 
_ 1 
2X aX œ Hz x 0.01 uF 
=00 


Figure 26-13b shows the equivalent circuit for this condition. Notice that C 
appears as a short. Since the voltage across a short is zero, the output voltage for 
very high frequencies must be zero. 


Figure 26-13 RC low-pass equivalent circuits. (a) Equivalent circuit for f= O Hz. (b) Equivalent circuit for very high frequencies, or 
f=o Hz. 


R=10 kQ R=10 kQ 


V, Xc= Q Vut = Va when f= 0 Hz A Xc=0Q Vu = O Vp-p when f = œ Hz 


out 
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When the frequency of the input voltage is somewhere between zero and infinity, 
the output voltage can be determined by using Formula (26-1): 


X 
Vout = Z x Va (26-1) 


Z = VR+X 


At very low frequencies, where Xo approaches infinity, V,,, is approximately 
equal to V, This is true because the ratio X./Z, approaches one as Xo and Z, 
become approximately the same value. At very high frequencies, where Xe 
approaches zero, the ratio X./Z, becomes very small, and V „is approximately zero. 

With respect to the input voltage V,,, the phase angle 0 of the output voltage V, 


in? out 
can be calculated as 


where 


= at. 
0 = arctan ( 2) (26-2) 


At very low frequencies, X; is very large and 0 is approximately 0°. At very high 
frequencies, however, Xo is nearly zero and 0 approaches —90°. 

The frequency where Xo = R is the cutoff frequency, designated f.. At f., the 
series current J is at 70.7% of its maximum value because the total impedance Z, is 
1.41 times larger than the resistance of R. The formula for the cutoff frequency f, of 
an RC low-pass filter is derived as follows. Because Xo = R at f., 


i 
me 


Solving for f, gives 


tall 
© 2nRC Ge) 


The response curve in Fig. 26-12b shows that V,,, = 0.707V,, at the cutoff 
frequency f.. 


Example 26-1 


In Fig. 26—12a, calculate (a) the cutoff frequency f; (b) V u at fa; (c) @ at fi. 
(Assume V,, = 10 V, for all frequencies.) 


ANSWER 


a. To calculate f., use Formula (26-3): 


al 
k= 2aRC 
_ 1 
~ 2x zX 10 KQ x 0.01 uF 
= 1.592 kHz 
b. To calculate V „at f., use Formula (26-1). First, however, calculate X, and 
Z atf: 
__1 
Xe = fC 


_ 1 
~ 2x aX 1.592 kHz x 0.01 uF 
= 10kQ 
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GOOD TO KNOW 


Another way to calculate the 
output voltage of an RC or RL 
low-pass filter is 


Vi n 


Var gm 
V1 ++ 


where f represents any frequency. 


Zp = VR +X} 
= VIČKQ + 10°kQ 
= 14.14 KQ 


X 
Voit = Z x Vin 


__10k® 
= 74.14 ka O Vee 


=7.07 V, 


c. To calculate 0, use Formula (26-2): 


= arctan ( 


= arctan (—1) 
= —45° 


The phase angle of —45° tells us that V, 


out 


lags V,, by 45° at the cutoff frequency f.. 


RL Low-Pass Filter 


Figure 26—14a shows a simple RL low-pass filter, and Fig. 26—14b shows how its 
output voltage V,,, varies with frequency. For the analysis that follows, it is 
assumed that the coil’s DC resistance r, is negligible in comparison with the series 
resistance R. 

Figure 26—15a shows the equivalent circuit when f = 0 Hz (DC). Notice that the 
inductor L acts as a short, since X, must equal 0 Q when f = 0 Hz. As a result, 
Vout = Vin at very low frequencies and for direct current (0 Hz). At very high frequen- 
cies, X, approaches infinity and the equivalent circuit appears as in Fig. 26-15b. 
Since L is basically equivalent to an open at very high frequencies, all of the input 
voltage will be dropped across L rather than R. Therefore, V „= 0 V,,,, at very high 
frequencies. 

To calculate the output voltage at any frequency in Fig. 26—14a, use 
Formula (26-4): 


ut 


Von = Z x V, (26-4) 
where 
Z,= VR +X, 


Figure 26-14 RL low-pass filter. (a) Circuit. (b) Graph of V, „versus frequency. 


L = 50 mH 


Input voltage, Vn 


Filters 


Output voltage, V, 


out 


Output voltage, Vut 


f 
Frequency ——— 


(b) 
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Figure 26-15 RL low-pass equivalent circuits. (a) Equivalent circuit for f= O Hz. (b) Equivalent circuit for very high frequencies, or 
f=o Hz. 


Vout = O Vp-p when f= co Hz 


out IS approximately equal to 
V» This is true because the ratio R/Z, approaches one as Z, and R become 
approximately the same value. At very high frequencies, the output voltage is 
approximately zero, because the ratio R/Z, becomes very small as X, and thus Z, 
approach infinity. 

The phase angle @ between V, and Vu 
(26-5): 


At very low frequencies, where X, is very small, V, 


can be determined using Formula 


8 = arctan (i (26-5) 


At very low frequencies, X, approaches zero and @ is approximately 0°. At very 
high frequencies, X, approaches infinity and 0 is approximately —90°. 

The frequency at which X, = R is the cutoff frequency f.. At f., the series current 
Iis at 70.7% of its maximum value, since Z, = 1.41R when X, = R. The formula 
for the cutoff frequency of an RL low-pass filter is derived as follows. Since 
X =Ratf, 


2af L =R 
Solving for f. gives 


-R 
e5 PaL (20-6) 


The response curve in Fig. 26-14b shows that V,,, = 0.707V,, at the cutoff 
frequency f.. 


Example 26-2 


In Fig. 26—14a, calculate (a) the cutoff frequency f., (b) V „at 1 kHz; (c) 0 at 
1 kHz. (Assume V, = 10 V,,, for all frequencies.) 


ANSWER 


a. To calculate f., use Formula (26-6): 
=R 
€ 2nL 


=- 1kQ 
2 x zx 50 mH 


= 3.183 kHz 
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GOOD TO KNOW 


Another way to calculate the 
output voltage of an RC or RL 
high-pass filter is 

V; 


in 


Ve Cae 


where f represents any frequency. 


out 


Figure 26-16 RC high-pass filter. (a) Circuit. (b) Graph of V, 


C=0.01 wF 


Input voltage, Vn 


Filters 


(a) 


b. To calculate V 


out 


and Z, at 1 kHz: 


X, = 2afL 
=2 x zX 1 kHz x 50 mH 
=314Q 


Z= VR +X 
= VP KQ +31P Q 
= 1.05 KQ 


at 1 kHz, use Formula (26-4). First, however, calculate X, 


Next, 
R 


Vout = Z T 


1kQ 
=T05 k@ * 10 Vov 
=9,52V,, 


Notice that V & V. 


out — © in? 


c. To calculate 0 at 1 kHz, use Formula (26-5). Recall that X, = 314 Q at 1 kHz: 


X Vin 


since 1 kHz is in the passband of the low-pass filter. 


0 


arctan (0.314) 
= —17.4° 


The phase angle of —17.4° tells us that V,,, lags 
1 kHz. 


V,, by 17.4° at a frequency of 


RC High-Pass Filter 


Figure 26—16a shows an RC high-pass filter. Notice that the output is taken across 
the resistor R rather than across the capacitor C. Figure 26-16b shows how the out- 


put voltage varies with frequency. To calculate the output voltage V „ at any fre- 
quency, use Formula (26-7): 
Va = FX Vin (26-7) 
T 


where 


z= FER 


versus frequency. 


ut 


R= 


15 kQ Output voltage, V, 


Output voltage, Vu 


fe 
Frequency ——— 


(b) 
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Figure 26-17 RL high-pass filter. (a) Circuit. (b) Graph of V, 
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R=1.5kQ 


Input voltage, Vp 


versus frequency. 


out 


Vout = Vin i 
0:707 Wop === i 
l 
L= | 
100 mH Output voltage, Vut Output voltage, V, l > 
f 
Frequency—> 
(a) (b) 


At very low frequencies, the output voltage approaches zero because the ratio 
R/Z, becomes very small as X, and thus Z, approach infinity. At very high frequen- 
cies, V,,, is approximately equal to V,,, because the ratio R/Z, approaches one as Z, 
and R become approximately the same value. 

The phase angle of V „ with respect to V, for an RC high-pass filter can be cal- 


culated using Formula (26-8): 


0 = arctan (52) (26-8) 
At very low frequencies where X is very large, 0 is approximately 90°. At very high 
frequencies where X, approaches zero, 0 is approximately 0°. 

To calculate the cutoff frequency f, for an RC high-pass filter, use 
Formula (26-3). Although this formula is used to calculate f, for an RC low-pass 
filter, it can also be used to calculate f, for an RC high-pass filter. The reason is 
that, in both circuits, Xo = R at the cutoff frequency. In Fig. 26-16, notice that 
Vom = 0.707V,,, at f.. 


RL High-Pass Filter 


An RL high-pass filter is shown in Fig. 26—-17a, and its response curve is shown in 
Fig. 26-17b. In Fig. 26—-17a, notice that the output is taken across the inductor L 
rather than across the resistance R. 
To calculate the output voltage V,,,, 
X, 


V = Z x Vin 


at any frequency, use Formula (26-9): 
(26-9) 


where 


Z, = VR +X 
At very low frequencies, where X, is very small, V „is approximately zero. At 
very high frequencies, V „ = V; because the ratio X,/Z, is approximately one. 
The phase angle 0 of the output voltage V,,, with respect to the input voltage 


out 
V. is 


in 


6 = arctan (5) (26-10) 
X, 

At very low frequencies, 0 approaches 90° because the ratio R/X, becomes very 
large when X, approaches zero. At very high frequencies, 0 approaches 0° because 
the ratio R/X, becomes approximately zero as X, approaches infinity. To calculate 
the cutoff frequency of an RL high-pass filter, use Formula (26-6). 
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Example 26-3 


Calculate the cutoff frequency for (a) the RC high-pass filter in Fig. 26-16a; 
(b) the RL high-pass filter in Fig. 26-17. 


ANSWER 
a. Use Formula (26-3): 
l 
© 2aRC 
= 1 
2xXaxX1.5kQ x 0.01 uF 
= 10.61 kHz 
b. Use Formula (26-6): 
ee 
© 2aL 
_ 1.5 kQ 
2 xX ax 100 mH 
= 2.39 kHz 


RC Bandpass Filter 


A high-pass filter can be combined with a low-pass filter when it is desired to pass 
only a certain band of frequencies. This type of filter is called a bandpass filter. 
Figure 26—18a shows an RC bandpass filter, and Fig. 26-185 shows how its output 
voltage varies with frequency. In Fig. 26-18a, R, and C, constitute the high-pass 
filter, and R, and C, constitute the low-pass filter. To ensure that the low-pass filter 
does not load the high-pass filter, R, is usually 10 or more times larger than the 
resistance of R,. The cutoff frequency of the high-pass filter is designated f, , and 
the cutoff frequency of the low-pass filter is designated f,. These two frequencies 
can be found on the response curve in Fig. 26-18b. To calculate the values for Ía 
and f, use the formulas given earlier for individual RC low-pass and RC high-pass 
filter circuits. 


Figure 26-18 RC bandpass filter. (a) Circuit. (b) Graph of V „versus frequency. 


C,=1 pF 


Input voltage, Vn 


Filters 


R, = 100 kQ 


(a) 


Vout = Vin 
0.707 V,, À 
] 
= l 
0.001 uF Output voltage, Vou Output voltage, Vu L > 
fz 
Frequency —> 
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Figure 26-19 Notch filter. (a) Circuit. (b) Graph of V, 


830 


2R, 


1 


Example 26-4 


In Fig. 26-18a, calculate the cutoff frequencies f., and f, . 


ANSWER Calculate f., for the high-pass filter consisting of R, and C;: 


| 
fa ~ 2nR,C, 


_ 1 
~2xXa#xX1kQx 1 pF 
= 159 Hz 


Next, calculate f.. 


d 
fa = 2zR,C, 
= 1 
2 x zX 100 KQ x 0.001 uF 


= 1.59 kHz 


The frequencies below 159 Hz and above 1.59 kHz are severely attenuated, 
whereas those between 159 Hz and 1.59 kHz are effectively passed from the 
input to the output. 


RC Band-Stop Filter 


A high-pass filter can also be combined with a low-pass filter when it is desired to 
block or severely attenuate a certain band of frequencies. Such a filter is called a 
band-stop or notch filter. Figure 26-19a shows an RC band-stop filter, and 
Fig. 26-19b shows how its output voltage varies with frequency. In Fig. 26-19a, the 
components identified as 2R, and 2C, constitute the low-pass filter section, and the 
components identified as R, and C, constitute the high-pass filter section. Notice 
that the individual filters are in parallel. The frequency of maximum attenuation is 
called the notch frequency, identified as fy in Fig. 26-19. Notice that the maximum 
value of V,,,, below fy is less than the maximum value of V,,,, above fy. The reason for 
this is that the series resistances (2R,) in the low-pass filter provide greater circuit 
losses than the series capacitors (C,) in the high-pass filter. 


versus frequency. 


ut 


2R, 


Output voltage, Vut > 
f 


Frequency —= 


(b) 
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To calculate the notch frequency fy in Fig. 26—-19a, use Formula (26-11): 


_ | 2 
KETREC, a) 


Example 26-5 


Calculate the notch frequency fy in Fig. 26-19a if R, = 1 KQ and C, = 0.01 pF. 
Also, calculate the required values for 2R, and 2C, in the low-pass filter. 


ANSWER Use Formula (26-11): 
ee | 
h= 4nR,C, 
_ 1 
4xXaxX1kQx 0.01 uF 


= 7.96 kHz 
2k, =2x1kQ 
=2kQ 
2C, =2 x 0.01 uF 
= 0.02 uF 


E 26-9 Self-Review 

Answers at the end of the chapter. 

a. Increasing the capacitance C in Fig. 26—12a raises the cutoff 
frequency f.. (True/False) 

b. Decreasing the inductance L in Fig. 26-14a raises the cutoff 
frequency f.. (True/False) 

c. Increasing the value of C, in Fig. 26—18a reduces the passband. 
(True/False) 

d. In Fig. 26-17a, V,,, is approximately zero at very low frequencies. 
(True/False) 


26-10 Decibels and Frequency 
Response Curves 


In analyzing filters, the decibel (dB) unit is often used to describe the amount of 
attenuation offered by the filter. In basic terms, the decibel is a logarithmic expres- 
sion that compares two power levels. Expressed mathematically, 


Pou 


Na = 10 log = (26-12) 


n 


where 


Nip = gain or loss in decibels 
P., = input power 
Poy = Output power 
If the ratio P,,,/P,, is greater than one, the N,,, value is positive, indicating an 
increase in power from input to output. If the ratio P,,,,/P., is less than one, the Nj, 


value is negative, indicating a loss or reduction in power from input to output. A reduc- 
tion in power, corresponding to a negative Ng value, is referred to as attenuation. 
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Example 26-6 
A certain amplifier has an input power of 1 W and an output power of 100 W. 
Calculate the dB power gain of the amplifier. 
ANSWER Use Formula (26-12): 
Fo 
Nig =10 log Pa 
= 100 W 
= 10 log IW 


= 10x2 
= 20 dB 


Example 26-7 


The input power to a filter is 100 mW, and the output power is 5 mW. Calculate 
the attenuation, in decibels, offered by the filter. 


ANSWER 


Pout 
Nig = Re p 
= 5 mW 
= 10 log 700 mw 
= 10 x (-1.3) 
= —13 dB 


The power gain or loss in decibels can also be computed from a voltage ratio if 
the measurements are made across equal resistances. 


V 
Nœ = 20 log y (26-13) 
where 
Ng = gain or loss in decibels 
; V,, = input voltage 
Figure 26-20 RC low-pass filter. Y- Souutyoliass 
era The Np values of the passive filters discussed in this chapter can never be posi- 


tive because V „can never be greater than V, 
Consider the RC low-pass filter in Fig. 26-20. The cutoff frequency f, for this 
circuit is 1.592 kHz, as determined by Formula (26-3). Recall that the formula for 


V,,=10 Vpp C=0.01nF Vy 
V „at any frequency is 
| f.= 1.592 kHz | | pur y req y 
X, 


Von = Z x Vin 


Dividing both sides of the equation by V,, gives 
V, Xc 


out __ 
V, Z 


in 
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Substituting X./Z, for V,,,/V,, in Formula (26-13) gives 


X, 
Nx = 20 log 7 
T 


Example 26-8 


In Fig. 26-20, calculate the attenuation, in decibels, at the following 
frequencies: (a) 0 Hz; (b) 1.592 kHz; (c) 15.92 kHz. (Assume that V,, = 10 V p 
at all frequencies.) 


ANSWER 


a. At 0 Hz, Vu = Vi, = 10 Vp because the capacitor C appears as an open. 


ot "i 


Therefore, 


V, 
N = 20 log y 


in 


201 10 Vyp 
= og —_—— 
10 V,.., 
= 20 log 1 
= 20x 0 
=0dB 
b. Since 1.592 kHz is the cutoff frequency f., V, 


out Will be 0.707 x V, or 
7.07 Vis. Therefore, 


V 
N = 20 log y 


in 


7.07 V, 
0V, 

= 20 log 0.707 

= 20 x (-0.15) 

= -3 dB 


= 20 log 


c. To calculate Ng at 15.92 kHz, Xo and Z, must first be determined. 
__1 
Me = TC 
= 1 
~ 2X ax 15.92 kHz x 0.01 uF 
=1kQ 


Z = VR + Xé 
= V10 kQ + P?’ kQ 
= 10.05 kQ 


Next, 
X, 
N = 20 log Z 


= 20o oea 


= 20 log 0.0995 
= 20(-1) 
= —20 dB 
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GOOD TO KNOW 


Some active filters provide a 
power gain for those frequencies 
in or near the passband. For 
example, an active filter may 
have a power gain of 20 dB in the 
passband. At the cutoff 
frequency, the power gain will be 


reduced to 17 dB. 
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Figure 26-21 RC and RL filter circuits, showing formulas for calculating decibel 
attenuation. 


RL Low-Pass 


RC Low-Pass 


E a 
a 2 


N= 20 log va Nig = 20 log F You 
or M or 
Neg = 20 log 3$ Nyg= 20 log £ 
RC High-Pass RL High-Pass 
C 
V, =z V, 
in č 2aRC out 
“I l 
N= 20 log 2 N= 20 log “= 
or K or pa 
Næ=20l0g > Ne= 20 log 3 


In Example 26-8, notice that NV, is 0 dB at a frequency of 0 Hz, which is in the 
filter’s passband. This may seem unusual, but the 0-dB value simply indicates that 
there is no attenuation at this frequency. For an ideal passive filter, Nip = 0 dB in the 
passband. As another point of interest from Example 26-8, Np is —3 dB at the cut- 
off frequency of 1.592 kHz. Since V „= 0.707 V, at f. for any passive filter, Nj, is 
always —3 dB at the cutoff frequency of a passive ‘filter. 

The Np value of loss can be determined for any filter if the values of V,, and V,,, 


are known. Figure 26—21 shows the basic RC and RL low-pass and high-pass filters. 
The formula for calculating the Np attenuation is provided for each filter. 


Frequency Response Curves 


The frequency response of a filter is typically shown by plotting its gain (or loss) 
versus frequency on logarithmic graph paper. The two types of logarithmic graph 
paper are log-log and semilog. On semilog graph paper, the divisions along one 
axis are spaced logarithmically, and the other axis has conventional linear spacing 
between divisions. On log-log graph paper, both axes have logarithmic spacing 
between divisions. Logarithmic spacing results in a scale that expands the display 
of smaller values and compresses the display of larger values. On logarithmic 
graph paper, a 2-to-1 range of frequencies is called an octave, and a 10-to-1 range 
of values is called a decade. 

One advantage of logarithmic spacing is that a larger range of values can be shown 
in one plot without losing resolution in the smaller values. For example, if frequen- 
cies between 10 Hz and 100 kHz were plotted on 100 divisions of linear graph paper, 
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each division would represent approximately 1000 Hz and it would be impossible to 
plot values in the decade between 10 Hz and 100 Hz. On the other hand, by using 
logarithmic graph paper, the decade between 10 Hz and 100 Hz would occupy the 
same space on the graph as the decade between 10 kHz and 100 kHz. 

Log-log or semilog graph paper is specified by the number of decades it con- 
tains. Each decade is a graph cycle. For example, 2-cycle by 4-cycle log-log paper 
has two decades on one axis and four on the other. The number of cycles must be 
adequate for the range of data plotted. For example, if the frequency response 
extends from 25 Hz to 40 kHz, 4 cycles are necessary to plot the frequencies cor- 
responding to the decades 10 Hz to 100 Hz, 100 Hz to 1 kHz, 1 kHz to 10 kHz, and 
10 kHz to 100 kHz. A typical sheet of log-log graph paper is shown in Fig. 26-22. 
Because there are three decades on the horizontal axis and five decades on the 
vertical axis, this graph paper is called 3-cycle by 5-cycle log-log paper. Notice that 
each octave corresponds to a 2-to-1 range in values and each decade corresponds 
to a 10-to-1 range in values. For clarity, several octaves and decades are shown in 
Fig. 26-22. 

When semilog graph paper is used to plot a frequency response, the observed or 
calculated values of gain (or loss) must first be converted to decibels before plotting. 
On the other hand, since decibel voltage gain is a logarithmic function, the gain or 
loss values can be plotted on log-log paper without first converting to decibels. 


RC Low-Pass Frequency Response Curve 


Figure 26—23a shows an RC low-pass filter whose cutoff frequency f, is 1.592 kHz 
as determined by Formula (26-3). Figure 26—23b shows its frequency response 
curve plotted on semilog graph paper. Notice there are 6 cycles on the horizontal 
axis, which spans a frequency range from 1 Hz to 1 MHz. Notice that the vertical 
axis specifies the Ng loss, which is the amount of attenuation offered by the filter in 
decibels. Notice that N; = —3 dB at the cutoff frequency of 1.592 kHz. Above f., 
N,p decreases at the rate of approximately 6 dB/octave, which is equivalent to a rate 
of 20 dB/decade. 


Example 26-9 


From the graph in Fig. 26-23), what is the attenuation in decibels at (a) 100 Hz; 
(b) 10 kHz; (c) 50 kHz? 


ANSWER 


a. At f = 100 Hz, Nj, = 0 dB, as indicated by point A on the graph. 
b. At f = 10 kHz, Nj, = —16 dB, as indicated by point B on the graph. 
c. At f = 50 kHz, N = —30 dB, as indicated by point C. 


For filters such as the inverted L, T, or z type, the response curve rolloff is much 
steeper beyond the cutoff frequency f.. For example, a low-pass filter with a series 
inductor and a shunt capacitor has a rolloff rate of 12 dB/octave or 40 dB/decade 
above the cutoff frequency f.. To increase the rate of rolloff, more inductors and 
capacitors must be used in the filter design. Filters are available whose rolloff rates 
exceed 36 dB/octave. 
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Figure 26-22 Log-log graph paper. Notice that each octave corresponds to a 2-to-1 range of values and each decade corresponds to a 
10-to-1 range of values. 
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Figure 26-23 RC low-pass filter frequency response curve. (a) Circuit. (b) Frequency response curve. 
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GOOD TO KNOW 


RF transmitters and receivers 
contain several resonant filters, 


both band pass and band stop. 
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E 26-10 Self-Review 


Answers at the end of the chapter. 


a. At very low frequencies, a low-pass filter provides an attenuation of 
0 dB. (True/False) 

b. At the cutoff frequency, a low-pass filter has an N, loss of —3 dB. 
(True/False) 

c. On logarithmic graph paper, one cycle is the same as one octave. 
(True/False) 

d. The advantage of semilog and log-log graph paper is that a larger 
range of values can be shown in one plot without losing resolution in 
the smaller values. (True/False) 


26-11 Resonant Filters 


Tuned circuits provide a convenient method of filtering a band of radio frequencies 
because relatively small values of L and C are necessary for resonance. A tuned 
circuit provides filtering action by means of its maximum response at the resonant 
frequency. 

The width of the band of frequencies affected by resonance depends on the Q of 
the tuned circuit; a higher Q provides a narrower bandwidth. Since resonance is effec- 
tive for a band of frequencies below and above f., resonant filters are called band-stop 
or band-pass filters. Series or parallel LC circuits can be used for either function, 
depending on the connections with respect to R,. In the application of a band-stop 
filter to suppress certain frequencies, the LC circuit is often called a wavetrap. 


Series Resonance Filters 


A series resonant circuit has maximum current and minimum impedance at the 
resonant frequency. Connected in series with R,, as in Fig. 26—24a, the series-tuned 
LC circuit allows frequencies at and near resonance to produce maximum output 
across R,. Therefore, this is band-pass filtering. 

When the series LC circuit is connected across R, as in Fig. 26—24b, however, the 
resonant circuit provides a low-impedance shunt path that short-circuits R,. Then 
there is minimum output. This action corresponds to a shunt bypass capacitor, but 
the resonant circuit is more selective, short-circuiting R, just for frequencies at and 
near resonance. For the bandwidth of the tuned circuit, the series resonant circuit in 
shunt with R, provides band-stop filtering. 

The series resistor R, in Fig. 26-245 is used to isolate the low resistance of the 
LC filter from the input source. At the resonant frequency, practically all of the input 
voltage is across R, with little across R, because the LC tuned circuit then has very 
low resistance due to series resonance. 


Figure 26-24 The filtering action of a series resonant circuit. (a) Band-pass filter when L 
and C are in series with R,. (b) Band-stop filter when LC circuit is in shunt with R,. 
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Figure 26-25 The filtering action of a parallel resonant circuit. (a) Band-stop filter when 
LC tank is in series with R,. (b) Band-pass filter when LC tank is in shunt with R,. 
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Parallel Resonance Filters 


A parallel resonant circuit has maximum impedance at the resonant frequency. Con- 
nected in series with R,, as in Fig. 26-25a, the parallel-tuned LC circuit provides 
maximum impedance in series with R, at and near the resonant frequency. Then 
these frequencies produce maximum voltage across the LC circuit but minimum 
output voltage across R,. This is a band-stop filter, therefore, for the bandwidth of 
the tuned circuit. 

The parallel LC circuit connected across R, , however, as in Fig. 26-25), provides 
a band-pass filter. At resonance, the high impedance of the parallel LC circuit allows 
R, to develop its output voltage. Below resonance, R, is short-circuited by the low 
reactance of L; above resonance, R, is short-circuited by the low reactance of C. For 
frequencies at or near resonance, though, R, is shunted by high impedance, resulting 
in maximum output voltage. 

The series resistor R, in Fig. 26—25b is used to improve the filtering effect. Note 
that the parallel LC combination and R, divide the input voltage. At the resonant 
frequency, though, the LC circuit has very high resistance for parallel resonance. 
Then most of the input voltage is across the LC circuit and R, with little across Rg. 


L-Type Resonant Filter 


Series and parallel resonant circuits can be combined in L, T, or æ sections for 
sharper discrimination of the frequencies to be filtered. Examples of an L-type filter 
are shown in Fig. 26-26. 


Figure 26-26 


Filters 


Inverted-L filter with resonant circuits. (a) Band-stop filtering action. (b) Band-pass filtering action. 


Ly 


(b) 
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Figure 26-27 Quartz crystal. Size is 
% in. wide. 


GOOD TO KNOW 


In some cases, rf interference 
cannot be eliminated by a power- 
line filter because it is radiated 
from the source. In this case, the 
rf energy induces voltage and 
currents into the circuit in 
addition to traveling through the 
60-Hz AC power line. 
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Figure 26-28 Power-line filter unit. 
(a) Circuit of balanced L-type low-pass 
filter. (b) Filter unit. 


(6) 
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The circuit in Fig. 26—26a is a band-stop filter. The reason is that the parallel 
resonant L,C, circuit is in series with the load, whereas the series resonant L,C, 
circuit is in shunt with R,. There is a dual effect as a voltage divider across the input 
source voltage. The high resistance of L,C, reduces voltage output to the load. Also, 
the low resistance of L,C, reduces the output voltage. 

For the opposite effect, the circuit in Fig. 26-26b is a band-pass filter. Now the 
series resonant L,C, circuit is in series with the load. Here the low resistance of L,C, 
allows more output for R, at resonance. Also, the high resistance of L,C, allows 
maximum output voltage. 


Crystal Filters 


A thin slice of quartz provides a resonance effect by mechanical vibrations at a par- 
ticular frequency, like an LC circuit. The quartz crystal can be made to vibrate by a 
voltage input or produce voltage output when it is compressed, expanded, or twisted. 
This characteristic of some crystals is known as the piezoelectric effect. As a result, 
crystals are often used in place of resonant circuits. In fact, the Q of a resonant crys- 
tal is much higher than that of LC circuits. However, the crystal has a specific fre- 
quency that cannot be varied because of its stability. Crystals are used for radio 
frequencies in the range of about 0.5 to 30 MHz. Figure 26-27 shows a crystal for 
the frequency of 3.579545 MHz for use in the color oscillator circuit of a television 
receiver. Note the exact frequency. 

Special ceramic materials, such as lead titanate, can also be used as crystal fil- 
ters. They have a piezoelectric effect like quartz crystals. Ceramic crystals are 
smaller and cost less, but they have a lower Q than quartz crystals. 


E 26-11 Self-Review 


Answers at the end of the chapter. 


a. A parallel-resonant LC circuit in series with the load is a band-stop 
filter. (True/False) 

b. A series resonant LC circuit in series with the load is a band-pass 
filter. (True/False) 

c. Quartz crystals can be used as resonant filters. (True/False) 


26-12 Interference Filters 


Voltage or current not at the desired frequency represents interference. Usually, such 
interference can be eliminated by a filter. Some typical applications are 
(1) low-pass filter to eliminate rf interference from the 60-Hz power-line input to a 
receiver, (2) high-pass filter to eliminate rf interference from the signal picked up by 
a television receiving antenna, and (3) resonant filter to eliminate an interfering 
radio frequency from the desired rf signal. As noted earlier, the resonant band-stop 
filter is called a wavetrap. 


Power-Line Filter 


Although the power line is a source of 60-Hz voltage, it is also a conductor of 
interfering rf currents produced by motors, fluorescent lighting circuits, and rf 
equipment. When a receiver is connected to the power line, the rf interference 
can produce noise and whistles in the receiver output. The filter, as shown in 
Fig. 26-28, can be used to minimize this interference. The filter is plugged into 
the wall outlet for 60-Hz power, and the receiver is plugged into the filter. An rf 
bypass capacitor across the line with two series rf chokes forms a low-pass 
balanced L-type filter. Using a choke in each side of the line makes the circuit 
balanced to ground. 
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Figure 26-29 A television antenna 


filter to pass 1 
above 54 MH 


TV channel frequencies 
z but attenuate lower 
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The chokes provide high impedance for interfering rf current but not for 60 Hz, 
isolating the receiver input connections from rf interference in the power line. Also, 
the bypass capacitor short-circuits the receiver input for radio frequencies but not for 
60 Hz. The unit then is a low-pass filter for 60-Hz power applied to the receiver 
while rejecting higher frequencies. 


Television Antenna Filter 


When a television receiver has interference in the picture resulting from radio 
frequencies below the television broadcast band that are picked up by the receiv- 
ing antenna, this rf interference can be reduced by the high-pass filter shown in 
Fig. 26-29. The filter attenuates frequencies below 54 MHz, which is the lowest 
frequency for Channel 2. 

At frequencies lower than 54 MHz, series capacitances provide increasing reac- 
tance with a larger voltage drop, whereas the shunt inductances have less reactance 
and short-circuit the load. Higher frequencies are passed to the load as the series 
capacitive reactance decreases and the shunt inductive reactance increases. 

Connections to the filter unit are made at the receiver end of the line from the 
antenna. Either end of the filter is connected to the antenna terminals on the receiver 
with the opposite end connected to the antenna line. 
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Answers at the end of the chapter. 


a. A wavetrap is a band-stop filter. (True/False) 
b. The TV antenna filter in Fig. 26-29 is a high-pass filter with series 
capacitors. (True/False) 
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Summary 


A filter can separate high and low 
requencies. With input of different 
frequencies, the high-pass filter 
allows the higher frequencies to 
produce output voltage across the 
oad; a low-pass filter provides 
output voltage at lower frequencies. 


Pulsating or fluctuating direct 
current varies in amplitude but does 
not reverse its direction. Similarly, a 
pulsating or fluctuating DC voltage 
varies in amplitude but maintains 
one polarity, either positive or 
negative. 


Pulsating direct current or voltage 
consists of a steady DC level, equal 
to the average value, and an AC 
component that reverses in polarity 
with respect to the average level. 
The dc and AC can be separated by 
filters. 

An RC coupling circuit is a high- 
pass filter for pulsating direct 
current. Capacitance C, blocks the 
steady DC voltage but passes the 
ac component. 


A transformer with an isolated 
secondary winding also is a high- 
pass filter. With pulsating direct 
current in the primary, only the AC 
component produces output voltage 
in the secondary. 


A bypass capacitor in parallel with R 
provides a low-pass filter. 


Combinations of L,C, and R can be 
arranged as L, T, or a filters for more 
selective filtering. All three 
arrangements can be used for either 
low-pass or high-pass action. See 
Figs. 26-9 and 26-1 


Important Terms 


Attenuation — a reduction in signal 
amplitude. 


Band-pass filter — a filter designed to 
pass only a specific band of 
frequencies from its input to its 
output. 


Band-stop filter — a filter designed to 
block or severely attenuate only a 
specific band of frequencies. 


Bypass capacitor — a capacitor that 
bypasses or shunts the AC component 


842 


In high-pass filters, the capacitance 
must be in series with the load as a 

coupling capacitor with shunt R or L 
across the line. 


For low-pass filters, the capacitance 
is across the line as a bypass 
capacitor, and R or L then must be in 
series with the load. 


The cutoff frequency f. of a filter is 
the frequency at which the output 
voltage is reduced to 70.7% of its 
maximum value. 


For an RC low-pass or high-pass 
filter, Xe = R at the cutoff frequency. 
Similarly, for an RL low-pass or 
high-pass filter, X, = R at the cutoff 
frequency. To calculate f. for an RC 
ow-pass or high-pass filter, use the 
formula f. = 1/(2æRC). To calculate 
f. for an RL low-pass or high-pass 
filter, use the formula f. = R/2azL. 


For an RC or RL filter, either low pass 
or high pass, the phase angle 0 
between V,, and V „is approximately 
O° in the passband. In the stop band, 
0 = +90°. The sign of 8 depends on 


the type of filter. 


RC low-pass filters can be 
combined with RC high-pass filters 
when it is desired to either pass or 
block only a certain band of 
frequencies. These types of filters 
are called band-pass and band- 
stop filters, respectively. 


The decibel (dB) unit of 
measurement is used to compare 
two power levels. A passive filter 
has an attenuation of —3 dB at the 
cutoff frequency. 


of a pulsating DC voltage around a 
component such as a resistor. The 
value of a bypass capacitor should be 
chosen so that its Xe value is one- 
tenth or less of the parallel resistance 
at the lowest frequency intended to be 
bypassed. 


Crystal filter — a filter made of a 


crystalline material such as quartz. 
Crystal filters are often used in place 
of conventional LC circuits because 
their Q is so much higher. 


Semilog and log-log graph paper are 
typically used to show the frequency 
response of a filter. On semilog 
graph paper, the vertical axis uses 
conventional linear spacing; the 
horizontal axis uses logarithmically 
spaced divisions. 


The advantage of using semilog or 
og-log graph paper is that a larger 
range of values can be shown in one 
plot without losing resolution in the 
smaller values. 


A band-pass or band-stop filter has 
two cutoff frequencies. The band- 
pass filter passes to the load those 
requencies in the band between the 
cutoff frequencies and attenuates 
all other frequencies higher and 
ower than the passband. A band- 
stop filter does the opposite, 
attenuating the band between the 
cutoff frequencies, while passing to 
the load all other frequencies higher 
and lower than the stop band. 


Resonant circuits are generally used 
for band-pass or band-stop filtering 
with radio frequencies. 


For band-pass filtering, the series 
resonant LC circuit must be in series 
with the load, for minimum series 
opposition; the high impedance of 
parallel resonance is across the 
load. 


For band-stop filtering, the circuit is 
reversed, with the parallel resonant 
LC circuit in series with the load; the 
series resonant circuit is in shunt 
across the load. 


A wavetrap is an application of the 
resonant band-stop filter. 


Cutoff frequency — the frequency at 
which the attenuation of a filter 
reduces the output amplitude to 
70.7% of its value in the passband. 


Decade — a 10-to-1 range in 
frequencies. 


Decibel (dB) — a logarithmic expression 
that compares two 
power levels. 


Fluctuating DC — a DC voltage or 
current that varies in magnitude but 
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does not reverse in polarity or 
direction. Another name for 
fluctuating DC is pulsating DC. 


High-pass filter — a filter that allows the 
higher-frequency components of the 
applied voltage to develop 
appreciable output voltage while at 
the same time attenuating or 


Related Formulas 


RC Low-Pass Filters 


V ae V, 

out = 7% in 

0 = arctan (—R/X.) 
=. i 

f= FERC 


RL Low-Pass Filters 


Vou = 3X Vy 


ou 


0 = arctan (—X,/R) 
f- = R/2aL 


RC High-Pass Filters 


ou in 


Vou =F XY 


0 = arctan (XR) 
f= 1/2nRC 


Self-Test 


Answers at the back of the book. 


1. Avoltage that varies in magnitude 
but does not reverse in polarity is 


called a(n) 

a. alternating voltage. 
b. steady DC voltage. 

c. pulsating DC voltage. 


d. none of the above. 


2. The capacitor in an RC coupling 
circuit 
a. blocks the steady DC component 
of the input voltage. 


b. blocks the AC component of the 
input voltage. 


c. appears like a short to a steady 
DC voltage. 


d. will appear like an open to the AC 
component of the input voltage. 


3. The value of a bypass capacitor 
should be chosen so that its X- 
value is 


a. 10 or more times the parallel 
resistance at the highest 
frequency to be bypassed. 


Filters 


eliminating the lower-frequency 
components. 


Low-pass filter — a filter that allows the 
lower-frequency components of the 
applied voltage to develop appreciable 
output voltage while at the same time 
attenuating or eliminating the higher- 
frequency components. 


RL High-Pass Filters 
x. 
a Va 
8 = arctan (R/X,) 
f. = R/2aL 


Notch Filter 
ty = 1/42R,C, 


Decibels 


Pag 
Nap = 10 log P 


in 


V, 
Nag = 20 log 


in 


b. one-tenth or less the parallel 
resistance at the lowest frequency 
to be bypassed. 


c. one-tenth or less the parallel 
resistance at the highest 
frequency to be bypassed. 


d. equal to the parallel resistance at 
the lowest frequency to be 
bypassed. 


4. In an RClow-pass filter, the output is 
taken across the 


resistor. 


a. 
b. inductor. 


oO 


. Capacitor. 


d. none of the above. 


5. On logarithmic graph paper, a 
10-to-1 range of frequencies is 


called a(n) 

a. octave. 

b. decibel (dB). 
c. harmonic. 


d. decade. 


Octave — a 2-to-1 range in frequencies. 


Pulsating DC — a DC voltage or current 
that varies in magnitude but does not 
reverse in polarity or direction. 
Another name for pulsating DC is 
fluctuating DC. 


6. The cutoff frequency, f., of a filter is 
the frequency at which the output 
voltage is 


a. reduced to 50% of its maximum. 
b. reduced to 70.7% of its maximum. 
c. practically zero. 


d. exactly equal to the input voltage. 


7. The decibel attenuation of a 
passive filter at the cutoff 
frequency is 


a. —3 dB. 
b. O dB. 

c. —20 dB 
d. —6 dB. 


8. To increase the cutoff frequency 
of an RL high-pass filter, you 
can 


a. decrease the value of R. 
b. decrease the value of L. 


c. increase the value of R. 


d. both b and c. 


843 


9. 


10. 


11 


12. 


An RClow-pass filter uses a 
2.2-kQ Rand a 0.01-yF C. What is 
its cutoff frequency? 


a. 3.5 MHz. 
b. 72.3 Hz. 
c. 7.23 kHz. 
d. 1.59 kHz. 


For either an RC low-pass or high- 
pass filter, 


a. X. =0 Q at the cutoff frequency. 
b. X. = R at the cutoff frequency. 


c. X_is infinite at the cutoff 
frequency. 


d. none of the above. 


.When a pulsating DC voltage is 


applied as an input to the primary 
of a transformer, the output from 
the secondary contains 


a. only the steady DC component of 
the input signal. 


b. a stepped up or down version of 
the pulsating DC voltage. 


c. only the AC component of the 
input signal. 


d. none of the above. 


A power-line filter used to reduce rf 
interference is an example of a 


a. low-pass filter. 
b. high-pass filter. 
c. notch filter. 


d. band-pass filter. 


Essay Questions 


844 


What is the function of an electrica 


Give two examples where the voltag 
frequency components. 


(a) What is meant by pulsating direct 
(b) What are the two components o 


13. 


14. 


15. 


16. 


17. 


On logarithmic graph paper, a 
2-to-1 range of frequencies is 


called a(n) 

a. decade. 

b. decibel (dB). 
c. harmonic. 


d. octave. 


What is the decibel (dB) attenuation 
of a filter with a 100-mV input and a 
1-mV output at a given frequency? 


a. —40 dB. 
b. —20 dB. 
c. —3 dB. 
d. O dB. 


In an RL high-pass filter, the output 
is taken across the 


a. resistor. 
b. inductor. 
c. capacitor. 


d. none of the above. 


An RL high-pass filter uses a 
60-mH Land a 1-kQ R. What is 


18 


19. 


b. series inductors and a bypass 
capacitor. 


c. series capacitors and a parallel 
resistor. 


d. none of the above. 


. A-type high-pass filter consists of 


a. series inductors and parallel 
capacitors. 


b. series inductors and a parallel 
resistor. 


c. a series capacitor and parallel 
inductors. 


d. none of the above. 


When examining the frequency 
response curve of an RC low-pass 
filter, it can be seen that the rate of 
rolloff well above the cutoff 
frequency is 

a. 6 dB/octave. 

b. 6 dB/decade. 

c. 20 dB/decade. 


d. both a and c. 


: Ff 5 20. For signal frequencies in the 
its cutoff frequency: passband, an RC high-pass filter has 
a. 2.65 kHz. a phase angle of approximately 
b: 256 kHz. a. 45°. 
c. 600 kHz. b. 0°. 
d. 32 kHz. c. +90°. 
d. —90°. 


A T-type low-pass filter consists of 


a. series capacitors and a parallel 
inductor. 


voltage? (c) How can you measure t 
the two components? 


Define the function of the following 
output voltage across the load resis 
example? (c) 


from a band-pass filter? 


Draw circuit diagrams for the follow 


ow-pass; (b) æ-type low-pass, balan 
reactance in both sides of the line. 


filter. Why is an R-C. coupling circuit an example? 

b) Low-pass filter. Why is an R,G, bypass circuit an 
Band-pass filter. How does it differ from a 
coupling circuit? (d) Band-stop filter. How does it differ 


values are necessary. (a) T-type high-pass and T-type 


Draw the circuit diagrams for L-type band-pass and 
L-type band-stop filters. How do these two circuits differ 


Draw the response curve for each of the following filters: 
(a) low-pass cutting off at 20,000 Hz; (b) high-pass 
cutting off at 20 Hz; (c) band-pass for 20 to 20,000 Hz; 
(d) band-pass for 450 to 460 kHz. 


Give one similarity and one difference in comparing a 
coupling capacitor and a bypass capacitor. 


Give two differences between a low-pass filter and a 
Explain briefly why the power-line filter in Fig. 26—28 passes 
60-Hz alternating current but not 1-MHz rf current. 


Explain the advantage of using semilog and log-log 
graph paper for plotting a frequency response curve. 


Can an RC band-stop filter be designed by interchanging 


filter? 6. 
e has different from each other? 
T: 
current or voltage? 
f a pulsating DC 
he value of each of 
8. 
filters in terms of 
tance: (a) High-pass 
9. 
high-pass filter. 
10. 
ing filter types. No 11. 
ced with a filter 
12. 
the 


ow-pass and high-pass filters in Fig. 26—1 8a? 
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Problems 


SECTION 26-1 EXAMPLES OF FILTERING 
26-1 Explain the basic function of a 
a. low-pass filter. 


b. high-pass filter. 


SECTION 26-2 DIRECT CURRENT COMBINED WITH 
ALTERNATING CURRENT 
26-2 For the values shown in Fig. 26-30, 

a. draw the waveform of voltage that is present across 


the load, R,. Indicate the average and peak values 
on the waveform. 


b. draw the waveform of current that exists in the 
load, R,. Indicate the average and peak values on 
the waveform. 


Figure 26-30 


26-3 


n Fig. 26-30, how much is the 


a. average DC voltage across the load, R,? 


b. average DC current through the load, R,? 


26-4 In terms of the AC component in Fig. 26-30, how 


much is the 


a. peak voltage? 


b. peak-to-peak voltage? 


c. rms voltage? 


26-5 In Fig. 26—30, redraw the waveform of voltage present 
across the load, R, if the polarity of V, is reversed. 


ndicate the average and peak values on the waveform. 


SECTION 26-3 TRANSFORMER COUPLING 
26-6 


Figure 26—31 shows the application of transformer 
coupling. Notice that the transformer has a turns ratio 
of 1:1. How much is the 


a. steady DC voltage in the primary? 
b. steady DC voltage in the secondary? 


oO 


. peak-to-peak AC voltage in the primary? 


a 


. peak-to-peak AC voltage in the secondary? 
26-7 In Fig. 26-31, indicate the peak voltage values for the 
AC output in the secondary. 

26-8 In Fig. 26-31, compare the average or DC value of the 
primary and secondary voltage waveforms. Explain 
any difference. 
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Figure 26-31 


2 


Fluctuations in 
primary voltage 


AC output 
in secondary 


+30 V 


SECTION 26-4 CAPACITIVE COUPLING 


26-9 In Fig. 26-32, determine the following: 
a. the X; value for C; at f= 10 kHz. 
b. the DC voltage across input terminals 1 and 2. 
c. the DC voltage across the coupling capacitor, Ce. 
d. the DC voltage across the resistor, R. 
e. the peak-to-peak AC voltage across terminals 
1 and 2. 
f. the approximate peak-to-peak AC voltage across 
the coupling capacitor, Ce. 
g. the peak-to-peak AC voltage across the resistor, R. 
h. the rms voltage across the resistor, R. 
Figure 26-32 


26-10 


26-11 


26-12 


n Fig. 26-32, draw the voltage waveforms (including 
average and peak values) that exist across terminals 


a. 1 and2. 
b. 3and4. 


n Fig. 26-32, does C, charge or discharge during the 
a. positive alternation of V,? 


b. negative alternation of V}? 


n Fig. 26-32, is the positive or negative half-cycle of 
output voltage developed across R when Cis 


a. charging? 


b. discharging? 
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26-13 In Fig. 26-32, what is the lowest frequency of V, that 
will produce an X,/R ratio of '/10? 


26-14 An RC coupling circuit is to be designed to couple 
frequencies above 500 Hz. If R= 4.7 kQ, what is the 
minimum value for Ce? 


SECTION 26-5 BYPASS CAPACITORS 

26-15 In Fig. 26-33, determine the following: 

a. the Xc value of G atf = 1 MHz. 

b. the DC voltage across input terminals 1 and 2. 
the DC voltage across R,. 

the DC voltage across R}. 

the DC voltage across G. 


the peak-to-peak AC voltage across terminals 1 and 2. 


a hopoan 


the approximate peak-to-peak AC voltage across 
terminals 3 and 4. 


h. the approximate peak-to-peak AC voltage across R}. 


Figure 26-33 


26-16 In Fig. 26-33, will the bypass capacitor, C,, bypass R, if 
the frequency of V, is 1 kHz? 


26-17 What minimum value of capacitance will bypass a 1-kQ 
resistor if the lowest frequency to be bypassed is 250 Hz? 


SECTION 26-6 FILTER CIRCUITS 


26-18 Classify each of the following as either a low-pass or 
high-pass filter: 


a. transformer coupling (see Fig. 26-31). 
b. RC coupling circuit (see Fig. 26-32). 
c. bypass capacitor (see Fig. 26-33). 


26-19 What type of filter, low-pass or high-pass, uses 
a. series inductance and parallel capacitance? 


b. series capacitance and parallel inductance? 


26-20 Suppose that a low-pass filter has a cutoff frequency 
of 1 kHz. If the input voltage for a signal at this 
frequency is 30 mV, how much is the output voltage? 


SECTION 26-7 LOW-PASS FILTERS 

26-21 For a low-pass filter, define what is meant by the terms 
a. passband. 
b. stop band. 


26-22 Assume that both the RC low-pass filter in Fig. 26-9a 
and the a-type filter in Fig. 26—9e have the same 
cutoff frequency, f.. How do the filtering 
characteristics of these two filters differ? 
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SECTION 26-8 HIGH-PASS FILTERS 


26-23 Do the terms passband and stop band apply to high- 
pass filters? 


26-24 In Fig. 26-11, does the T-type filter provide sharper 
filtering than the RC filter? If so, why? 


SECTION 26-9 ANALYZING FILTER CIRCUITS 


26-25 Identify the filters in each of the following figures as 
either low-pass or high-pass: 


a. Fig. 26-34 
b. Fig. 26-35 
c. Fig. 26-36 
d. Fig. 26-37 


Figure 26-34 


R=2.2 kQ 


V,,= 50 mV C= 
for all frequencies 


Figure 26-35 
C = 0.047 uF 


Te 


Va=2V 
for all frequencies 


Output 


Figure 26-36 


L = 30 mH 


Va = 100 mV 


for all frequencies Output 


Figure 26-37 


R=1.8 kQ 


V»=5V 


for all frequencies Output 
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26-26 Calculate the cutoff frequency, f., for the filters in each 
of the following figures: 


a. Fig. 26-34. 
b. Fig. 26-35. 
c. Fig. 26-36. 
d. Fig. 26-37. 


26-27 In Fig. 26-34, calculate the output voltage, Vœ» and 
phase angle, 0, at the following frequencies: 


a. 50 Hz. 
b. 200 Hz. 
c. 1 kHz. 
d. f. 

e. 10 kHz. 
f. 20 kHz. 
g. 100 kHz. 


26-28 In Fig. 26-35, calculate the output voltage, Vœ» and 
phase angle, 0, at the following frequencies: 


a. 10 Hz. 
b. 50 Hz. 
c. 100 Hz. 
d. f. 

e. 1 kHz. 

fe 20 kHz. 
g. 500 kHz. 


26-29 In Fig. 26-36, calculate the output voltage, Vœ» and 
phase angle, 0, at the following frequencies: 


a. 100 Hz. 
b. 500 Hz. 
c. 2kHz. 
coe Ae 

e. 15 kHz. 
f. 30 kHz. 
g. 100 kHz. 


26-30 In Fig. 26-37, calculate the output voltage, Vœ» and 
phase angle, 0, at the following frequencies: 


a. 50 Hz. 
b. 100 Hz. 
c. 500 Hz. 
d. J 

e. 3 kHz. 
f. 10 kHz. 
g. 25 kHz. 


26-31 For the filters in Figs. 26-34 through 26-37, what is 
the ratio of V,,,,/V,, at the cutoff frequency? 


out 


26-32 Without regard to sign, what is the phase angle, 0, 
at the cutoff frequency for each of the filters in 
Figs. 26—34 through 26-37? 


26-33 For a low-pass filter, what is the approximate phase 
angle, 8, for frequencies 


a. well below the cutoff frequency? 


b. well above the cutoff frequency? 


Filters 


26-34 Repeat Prob. 26-33 for a high-pass filter. 


26-35 What type of filter is shown in Fig. 26-38? 


Figure 26-38 


C, = 0.068 uF 


Ry = 47 kQ 


V, 


out 


26-36 In Fig. 26-38, which components make up the 
a. high-pass filter? 


b. low-pass filter? 


26-37 In Fig. 26-38, calculate 
a. the cutoff frequency, fe- 
b. the cutoff frequency, fe,- 


c. the bandwidth, fe, — Se. 


26-38 In Fig. 26-38, why is it important to make R, at least 
10 times larger than R,? 


26-39 Calculate the notch frequency, fy, in Fig. 26-39. 


Figure 26-39 


2R, = 36 kQ 


2R, = 36 kQ 


2C,= 


i | 0.002 uF 


C, = 0.001 uF C, = 0.001 uF 


= R, = 18 kQ 


SECTION 26-10 DECIBELS AND FREQUENCY 
RESPONSE CURVES 


26-40 Calculate the dB power gain of an amplifier for the 
following values of P, and Pou 


a. in 2" out 

b. P,,=1W,P,,,=10W. 
c. P,, =50W,P,,,=1 kW. 
d. P, =10W,P,,,= 400 W. 


26-41 Calculate the dB attenuation of a filter for the 
following values of P, and P w 


P.=1W,P., = 500 mW. 


a. in >" out 

b. P, = 100 mW, P,,, = 10 mW. 
c. P, =5W, P =5 WW. 

d. P, =10W, P, „= 100 mW. 


847 


26-42 In Prob. 26-27, you calculated the output voltage for 26-46 Identify the following configurations as either band- 
the RC filter in Fig. 26-34 at several different pass or band-stop filters: 
requencies. For each frequency listed in Prob. 26-27, a. series LC circuit in series with R. 


determine the dB attenuation offered by the filter. 
Y b. parallel LC circuit in series with R,. 


26-43 In Prob. 26-28, you calculated the output voltage for c. parallel LC circuit in parallel with R,. 
the RC filter in Fig. 26-35 at several different d. series LC circuit in parallel with R,. 
requencies. For each frequency listed in Prob. 26-28, 
determine the dB attenuation offered by the filter. SECTION 26-12 INTERFERENCE FILTERS 


26-47 To prevent the radiation of harmonic frequencies from 
a radio transmitter, a filter is placed between the 
transmitter and antenna. The filter must pass all 
frequencies below 30 MHz and severely attenuate all 
frequencies above 30 MHz. What type of filter must 


26-44 What is the rolloff rate of an RC low-pass filter for 
signal frequencies well beyond the cutoff frequency? 
Do the values calculated for the dB attenuation in 
Prob. 26—42 verify this rolloff rate? 


p) 
SECTION 26-11 RESONANT FILTERS be usedi 
26-45 What determines the width of the band of frequencies 26-48 What type of filter should be used to eliminate an 
that are allowed to pass through a resonant band-pass interfering signal having a very narrow range of 
filter? frequencies? 
Critical Thinking 
26-49 In Fig. 26—40 calculate (a) the cutoff frequency f; 26-51 In Fig. 26—42 calculate the values of L and C required to 
(b) the output voltage at the cutoff frequency f; provide an f. of 1 MHz and a bandwidth Af of 20 kHz. 


(c) the output voltage at 50 kHz. 


Figure 26-42 Circuit for Critical Thinking Prob. 26—51. 
Figure 26-40 Circuit for Critical Thinking Prob. 26-49. 


Rg = 100 kQ 
R,=10 kQ 


Va = 10 Vp for all frequencies C = 0.033 „F Vp = 100 MV,p R, =150 KQ 


26-50 In Fig. 26—41 , calculate the values of L and C required to 
provide an f. of 1 MHz and a bandwidth Af of 40 kHz. 


Figure 26-41 Circuit for Critical Thinking Prob. 26—50. 


L Cc 


r,=502 
R, =2202 Vout 


Vn = 100 MV, p 


Answers to Self-Reviews 26-1 a. 500 kHz 26-3 a. high-pass 
b. 60 Hz b. OV 
26-2 a. 6V 26-4 a. OV 
b. 10 and 2V b. 5 pF 
c. 8V 
d. 4 and 2.8 V 26-5a. RF 
b. 5 pF 


848 Chapter 26 


26-6 a. 


b. low-pass 


high-pass 


26-7 a. eandf 
b. low-pass 


26-8 a. d 

b. high-pass 
26-9 a. false 

b. true 

c. true 

d. true 


Laboratory Application Assignment 


In this lab application assignment, you will examine an RC 
coupling circuit and an RC low-pass filter. In the RC coupling 
circuit, you will see how the series capacitor blocks the DC 
component of the input voltage but passes the AC component. 
In the RC low-pass filter, you will see how the low frequencies 
are passed from input to output with little or no attenuation 
but the higher frequencies are severely attenuated or blocked. 


Equipment: Obtain the following items from your instructor. 
* Function generator 
* Oscilloscope 


26-10 a. true 
b. true 
c. false 
d. true 
26-11 a. true 
b. true 
c. true 
26-12 a. true 
b. true 


< DMM 
* 0.1-uF and 0.22-yF capacitors 
¢ 2.2-kQ and 10-kQ carbon-film resistors 


RC Coupling Circuit 

Examine the RC coupling circuit in Fig. 26—43a. Notice the input 
voltage is a pulsating DC voltage whose value remains entirely 
positive. The input waveform (across terminals 1 and 2) is shown 
in Fig. 26—43b. The output from the RC coupling circuit is taken 
across terminals 3 and 4, which is across the resistor, R. 


Figure 26-43 
C=0.22 uF z 
| 
Vac = 10 Vpp Output 
Function f=1kHz 
generator R=10kQ 
with +5-V 
DC offset + 
Voca SN aE 
2 4 
(a) 
+10 V 
Input voltage 
DN waveform 
ov 
(b) 
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What value of DC voltage would you expect to measure across 
input terminals 1 and 2? Vig = 

What value of rms voltage would you expect to measure across 
input terminals 1 and 2? V, me = 

ow much DC voltage would you expect to measure across the 
capacitor, C? Veno = 

ow much DC voltage would you expect to measure across the 
resistor, R? Vog = 


Construct the circuit in Fig. 26—43a. With a DMM connected to 
the output of the function generator, adjust the DC offset control 
to obtain a DC value of +5 Voc- Also, while viewing the 
oscilloscope, adjust the amplitude and frequency controls of the 
function generator to obtain an output voltage of 10 V,, with a 
frequency of 1 kHz. Have your instructor check your settings. 
Next, measure and record the following values in Fig. 26—43a: 


Cl Sa ~ ~ aol hii aeaee ee ao 
C09) = Vos 
How do these values compare to those predicted? 


n Fig. 26—43a, calculate X- and Z, at 1 kHz. X. = A 
Z= 
ext, calculate and record the following rms values: 
l= = M= 
Using your DMM, measure and record the following rms values: 
SS Ve 


How do your calculated and measured rms values compare? 


Measure and record the peak-to-peak output voltage across 
R using the oscilloscope. V u = pp: How does this 
value compare to the peak-to-peak value of input voltage? 


RC Low-Pass Filter 


Examine the RC low-pass filter in Fig. 26—44. Calculate and 
record the cutoff frequency, fe. fe = 


Construct the RC low-pass filter in Fig. 26—44. The input 
voltage should be set to exactly 10 V „with no DC offset. 


Measure and record the output voltage from the RC low-pass 
filter for each of the frequencies listed below. (Use the 


oscilloscope to measure the output voltage.) Next, calculate 
the decibel attenuation offered by the filter at each frequency. 
J = 1002 oute) = N= 

J = 250 Fe anal Ne= 

J = 500 H eee Ne= 

f (Calculated) Varep = Noe = 

f= lVOkkz oute) = Ne= 

i = ZON eo Nop = 

f = 100 kHz oute) = Np= 


Do the measured values of output voltage confirm that the 
circuit is a low-pass filter? 


Rate of Rolloff 


Based on your measured values in Fig. 26—44, what is the rate of 
rolloff when f is increased by one octave from 10 kHz to 20 kHz? 


Based on your measured values in Fig. 26—44, what is the rate of 
rolloff when f is raised by one decade from 10 kHz to 100 kHz? 


Figure 26-44 


R=2.2 kQ 


Vin = 10 Vp-p 


Cumulative Review Summary (Chapters 25-26) 


e Resonance occurs when the ° 
reactances X, and X are equal. In 
series, the net reactance is zero. In 
parallel, the net reactive branch 
current is zero. The specific frequency 
that makes X, = Xc is the resonant 


frequency f = 1/2avV1LC). 
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Larger values of L and C mean lower ° 
resonant frequencies, as f, is inversely 
proportional to the square root of L 

and C. If the value of L or Cis 
quadrupled, for instance, f, will 

decrease by one-half. 


For aseries resonant LC circuit, the 
current is maximum. The voltage drop 
across the reactances is equal and 
opposite; the phase angle is zero. The 
reactive voltage at resonance is Q 
times greater than the applied 
voltage. 
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e Fora parallel resonant LC circuit, the 
impedance is maximum with 
minimum line current, since the 
reactive branch currents cancel. The 
impedance at resonance is Q times 
the X, value, but it is resistive with a 
phase angle of zero. 


e The Q of the resonant circuit equals 
X/r; for resistance in series with X, or 
R,/X, for resistance in parallel with X.. 


e The bandwidth between half-power 


points is f/Q. 


e A filter uses inductance and 
capacitance to separate high or low 
frequencies. A low-pass filter allows 
ow frequencies to develop output 
voltage across the load; a high-pass 
filter does the same for high 
frequencies. Series inductance or 
shunt capacitance provides low-pass 
filtering; series capacitance or shunt 
inductance provides high-pass 
filtering. 


e A fluctuating or pulsating DC is 
equivalent to an AC component 
varying in opposite directions around 
the average-value axis. 


Cumulative Self-Test 


Answers at the back of the book. 
Fill in the numerical answer. 


1. An L of 10 H and Cof 40 uF has f, of 


Hz. 


2. An Lof 100 uH and C of 400 pF has f, 
of MHz. 


3. In Question 2, if C = 400 pF and Lis 
increased to 400 uH, the f decreases 
to MHz. 


4. In a series resonant circuit with 10 mV 
applied across a 1-Q R, a 1000-Q X, 
and a 1000-Q X, at resonance, the 
currentis mA. 


5. Imagine a parallel resonant circuit. It 
has a 1-Q rin series with a 1000-Q 
X in one branch and a 1000-Q X- 
in the other branch. With 10 mV 
applied, the voltage across Xc 
equals mV. 


6. In Question 5, the Z of the parallel 
resonant circuit equals 
MQ. 


7. An LC circuit resonant at 500 kHz 
has a Q of 100. Its total bandwidth 
between half-power points 
equals kHz. 


Design credit Multisim: ©Stockbyte/Getty Images 


Filters 


e An RC coupling circuit is effectively a 
high-pass filter for pulsating DC 
voltage, passing the AC component 
but blocking the DC component. 


e Atransformer with an isolated 
secondary is a high-pass filter for 
pulsating direct current, allowing 
alternating current in the secondary 
but no DC output level. 


e A bypass capacitor in parallel with R 
is a low-pass filter, since its low 
reactance reduces the voltage across 
R at high frequencies. 


e The main types of filter circuits are z, 
L, and T types. These can be high-pass 
or low-pass, depending on how L and 
C are connected. 


e Resonant circuits can be used as 
band-pass or band-stop filters. For 
band-pass filtering, series resonant 
circuits are in series with the load or 
parallel resonant circuits are across 
the load. For band-stop filtering, 
parallel resonant circuits are in series 
with the load or series resonant 
circuits are across the load. 


8. Acoupling capacitor for 40 to 15,000 
z in series with a 0.5-MQ resistor 
has a capacitance of HF. 


9. A bypass capacitor for 40 to 15,000 
z in shunt with a 1000-Q R has a 
capacitance of HF. 


10.A pulsating DC voltage varying in a 
symmetrical sine wave between 
100 and 200 V has an average value 
of— Vv 


11.An RC low-pass filter has the 
following values: R = 1 kQ, C = 0.005 
HF. The cutoff frequency 
Fis 3 


12. The input voltage to a filter is 10 V p 
and the output voltage is 100 pV, 
The amount of attenuation is 


dB. 


13. On logarithmic graph paper, a 2-to-1 
range of values is called a(n) 

and a 10-to-1 range of 

values is called a(n) 


14. At the cutoff frequency, the output 
voltage is reduced to % of 
its maximum. 


e Awavetrap is an application of a 
resonant band-stop filter. 


e The cutoff frequency of a filter is the 
frequency at which the output voltage 
is reduced to 70.7% of its maximum 
value. 


e The cutoff frequency of an RC low- 
pass or high-pass filter can be 
calculated from f£. = 1/2zRC. Similarly, 
the cutoff frequency of an RL low-pass 
or high-pass filter can be calculated 
from f. = R/2aL. 


e The decibel (dB) is a logarithmic 
expression that compares two power 
evels. In the passband, a passive filter 
provides O dB of attenuation. At the 
cutoff frequency, a passive filter 
provides attenuation of —3 dB. 

* Semilog and log-log graph paper are 
typically used to show the frequency 
response of a filter. The advantage of 
using logarithmic graph paper is that 
a wide range of frequencies can be 
shown in one plot without losing 
resolution in the smaller values. 


Answer True or False. 


15.A series resonant circuit has low / 


and high Z. 


16.A steady direct current in the 
primary of a transformer cannot 
produce any AC output voltage in the 
secondary. 


17.A x-type filter with shunt 
capacitances is a low-pass filter. 


18.An L-type filter with a parallel 
resonant LC circuit in series with the 
load is a band-stop filter. 


19.A resonant circuit can be used as a 
band-stop filter. 


20. In the passband, an RC low-pass filter 
provides approximately O dB of 
attenuation. 


21. The frequency response of a filter is 
never shown on logarithmic graph 


paper. 
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Three-Phase AC 
Power Systems 


single-phase AC circuit can be defined as any circuit that uses only one AC 
Aine source. In a single-phase AC circuit, electrical power is transferred from 
the source to the load using only two conductors or wires. By contrast, a polyphase 
AC circuit is any circuit that uses two or more AC voltage sources, each having a 
different phase angle. (Poly means more than one.) The most common polyphase AC 
circuits are those with three AC voltage sources and either three or four conductors 
or wires. A polyphase AC circuit with three AC voltage sources is generally referred 
to as a three-phase AC circuit. 


Although three-phase AC power was briefly introduced back in Chapter 15, 
“Alternating Voltage and Current,” this chapter takes a much more in-depth 
approach in analyzing three-phase AC circuits. For example, in this chapter, you will 
learn how to calculate the voltage and current values in a three-phase AC circuit 
containing both wye (Y) and delta (A) circuit connections. You will also learn how to 
calculate the total power in a three-phase AC circuit with a balanced load. (A 
balanced load is one with three identical load impedances.) And finally, you will be 


able to list the advantages of three-phase AC power systems versus single-phase AC 
power systems. Ml 


| Chapter Outline 


27-1 Three-Phase AC Generators 27-4 Three-Phase Source/Load 
27-2 The Wye (Y)-Connected Three-Phase Cem ine Uirsisionns 

Generator 27-5 Three-Phase Power Calculations 
27-3 The Delta (A)-Connected Three-Phase 

Generator 


After studying this chapter, you should be able to 


m Describe the difference between a single- m Explain the mathematical relationship 
phase and polyphase AC circuit. between /, and /, in a delta (A)-connected 
m Explain the difference between wye (Y)- and generator. 
delta (A)-connected three-phase AC Æ Calculate the voltage and current values in a 
generators. three-phase AC circuit containing wye (Y) 
m Explain the difference between the phase and delta (A) connections. 
voltage, Vs, and line voltage, V, in a wye ™ Calculate power in a three-phase AC circuit. 


(Y)-connected generator. m List the advantages of using three-phase AC 


m Explain the mathematical relationship power versus single-phase AC power. 
between V, and V, in a wye (Y)-connected 
generator. 


m Explain the difference between the phase 
current, Ig, and line current, /,, in a delta 
(A)-connected generator. 


balanced load line voltage, V, phase voltage, V, single-phase AC circuit 


line current, /, phase current, I, polyphase AC circuit three-phase AC circuit 
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Figure 27-1 


120 


C 


120° V. 


Coil windings in a wye 
(Y)-connected three-phase AC generator. 


A 


120 /0° V 


(N) Neutral 
N 


120 


£120° V 


X 


B 


27-1 Three-Phase AC Generators 


A generator with three separate windings, equally spaced around the circle, will 
produce three different output voltages 120° out of phase with each other. Such a 
generator is called a three-phase AC generator. The coil windings in a three-phase 
AC generator are shown in Fig. 27—1. This connection of the generator windings is 
called the wye (Y) or star connection. As shown in Fig. 27-1, all three generator 
windings are joined at one end, which is called the neutral (N) point. In this case, 
each coil winding has an induced voltage of 120 V with respect to the neutral point. 
The three-phase output at terminals A, B, and C, with respect to the neutral point, 
N, is represented by the waveforms in Fig. 27—2(a) and the phasors in Fig. 27—2(b). 
The voltages Vin, Vpn» and Voy are commonly referred to as phase voltages and are 
generally designated as V,. When the output is taken across any two terminals 
(lines), such as A and B, B and C, or C and A, the output voltage is 208 V because 
of the 120° phase difference between the phase voltages. The output voltage across 
any two terminals or lines is called the line voltage and is designated V,. As will be 
proved in Section 27-2, the line voltage, V,, in a Y-connected three-phase AC gen- 
erator is greater than the phase voltage, V, by a factor of V3, which equals a factor 
of 1.732. In other words, in a Y-connected three-phase AC generator, V, = V3V,. 
Figure 27-3 shows the coil windings in a delta (A)-connected three-phase AC 
generator. In the delta-connected generator, the phase voltage, V,, and the line volt- 
age, V,, are the same and equal to the voltage induced across each coil winding of 
the AC generator. In other words, V, = V, in a delta-connected three-phase AC 
generator. It is important to note, however, that each available voltage, V,,, Vgc» and 
Voa; are still 120° out of phase with each other. Because of the 120° phase differ- 
ence between each of the phase voltages, the currents in each of the coil windings 
are also 120° out of phase with each other. The currents in the individual coil 
windings are commonly called phase currents and are generally designated /,. The 
currents flowing out from terminals A, B, and C are referred to as line currents, 
designated 7, . Because each line current is a combination of two phase currents, the 


Figure 27-2 Waveforms and phasors representing the outputs at terminals A, B, and C with respect to N in Fig. 27-1. (a) Waveforms at 
terminals A, B, and C with respect to N. (b) Phasors representing the waveforms at terminals A, B, and C with respect to N. 
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Figure 27-3 Coil windings in a delta-connected three-phase AC generator. 
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Figure 27-4 Phasors representing the 


phase relationship between each phase 
current in Fig. 27-3. 
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line current, Z, , is greater than any individual phase current by a factor of V3, which 
equals a factor of 1.732. In other words, in a delta-connected three-phase AC generator, 
I, = V31,. This equation will be proved in Section 27-3. Figure 27-4 shows the phase 
relationship between each phase current in a delta-connected three-phase AC generator. 

It is important to note that in the electric utility industry, the term “phase” always 
refers to the wye (Y) configuration rather than the delta (A) configuration. However, in 
this chapter, we will use the term “phase voltage” and/or “phase current’ when discuss- 
ing the delta (A) configuration in order to assist in the explanation of the concepts. 


E 27-1 Self-Review 


Answers at the end of the chapter. 


a. Ina wye (Y)-connected three-phase AC generator, what is the phase 
relationship between each phase voltage? 

b. Ina delta (A)-connected three-phase AC generator, what is the phase 
relationship between each phase voltage? 


27-2 The Wye (Y)-Connected Three- 
Phase Generator 


In this section, we will examine the mathematical relationship between the 
phase voltage, V,, and the line voltage, V,, in a wye (Y)-connected three-phase 
AC generator. Before we begin our analysis, however, let’s revisit double sub- 
script notation as it relates to AC voltages and currents. In Fig. 27-5, the phasor 
Vpn = 120/ —120° V as shown. In this case, V,,, represents the voltage measured 
at point B with respect to N in a wye (Y)-connected three-phase AC generator. 
(See Fig. 27-1.) But what if we reverse the reference point, and the point of 
measurement is Vyg? The answer is that V,, equals the negative of the voltage 
Vpn: In the case of an AC voltage, this means that V,, and V,, are equal in 
magnitude but 180° out of phase with each other. Expressed mathematically, 
Vye 19 = —Vpn L0. In order to obtain the negative of any phasor, the following 
rules apply: 


1. In polar form, add 180° to the phase angle. 
2. In rectangular form, change the sign of both terms. 
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Figure 27-5 Phasors equal in magnitude but 180 degrees out of phase. 


4 Yne = 120/60" V 


Ven = 120 20° V 


Van = 120/02 V 
Vna = 120 A80° V «+ ————— = 


\ 
Van = 120 120° V N Vye = 120 60° V 


In Fig. 27-5, Vys /0 = -Vpn / 0 
==120 /-120° V 
= 120 /-120° + 180° V 
Vys L8 = 120 60° V 
Similarly, Vz, /O = —Vyp L8 
= —120 60° V 
= 120 (60° + 180° V 
Van L8 = 120 /240° V or 120 /—-120° V 
The voltage, V,, of 120 /—120° V in rectangular form equals 
120 /-120° V = —60 V — j103.923 V 
Applying rule number 2 to solve for Vyg /@ gives us 
Vys L0 = -Ven LO 
= —(—60 V — j103.923 V) 
Vys L8 = 60 V + j103.923 V = 120 /60° V 
In Fig. 27-5, notice the phasors V,,, /8 and Vyg /@ are equal in magnitude but 


180° out of phase with each other. Furthermore, the phasors Vy, /@ and Vyc /@ are 
also 180° out of phase with the phasors V,, /@ and Voy /@, respectively. 


Calculating the Line Voltage, V, 


In a wye (Y)-connected generator, the voltage across any combination of output 
terminals such as A and B, B and C, or C and A is called the line voltage, V,. To 
calculate the line voltage, V,, across terminals A and B, refer to Fig. 27-6. As 
shown, the voltage, V,,, = 120 /0° V and V,,, = 120 /—120° V. The line voltage can 
be determined by applying KVL. 

Vas LO = Van LO — Ven LO 

To solve for V,g /, state both V,, /@ and Vpn /@ in rectangular form so their 

values can be combined. 

Van 0 = 120/0° V=120 V +j0 V 

Van L8 = 120/—120° V = —60 V — j103.923 V 


Combining terms gives us the line voltage, V,, across terminals A and B. 


Vip L8 = (120 V + j0 V) — (—60 V — j103.923 V) 


Chapter 27 


Figure 27-6 Calculating the line voltage across 
terminals A and B. 


Removing parenthesis, we have 


Vin L0 = 120 V + j0 V + 60 V + j103.923 V 
V,a L0 = 180 V + j103.923 V 
V, [0 = 207.85 B0° V 


In a similar manner, the line voltages across terminals B and C (V,,.) and termi- 
nals C and A (V,,) are calculated as follows: 


Vac LO = Ven LO — Ven LO 
Stating Vz. / 0 and Voy /@ in rectangular form gives us 


Van L8 = 120 /-120° V = —60 V — j103.923 V 
Vin (9 = 120 /120° V = —60 V + j103.923 V 


Inserting values for Vgc /8 gives us 
Vac L8 = (—60 V — j103.923 V) — (—60 V + j103.923 V) 
Removing parenthesis, we have 


Vc L8 = —60 V — j103.923 V + 60 V — j103.923 V 
Vgc L8 = 0 V — j207.85 V 
Vac L8 = 207.85 /—90° V 
And finally, Voy L8 = Von L0 — Vax 19 
Inserting values for Vo, gives us 


Vin L0 = (—60 V + j103.923 V) — (120 V + j0 V) 


Removing parenthesis gives us 
Vox L0 = —60 V + j103.923 V — 120 V — j0 V 
This simplifies to 
Vox L0 = —180 V + j103.923 V 
Vc, L8 = 207.85 /150° V 
In summary, the line voltages available in a wye (Y)-connected generator are 


V, L8 = 207.85 730° V 


Vac [8 = 207.85 /—90° V 
Ve, [0 = 207.85/150° V 


Figure 27-7 shows the phase relationship between the phase voltages Van, Vpn, Ven 
and the line voltages V,,, Vac, and Voa. Note that each line voltage is 30° out of 
phase with the nearest phase voltage. Also, note that the line voltages are 120° out 


Figure 27-7 Phasors for phase and line voltages in a wye 
(Y)-connected three-phase AC generator. 


Ven = 120 420° V 


Vea = 208 50° V Vag = 208 /30° V 


Van = 120 /0° V 


120 


£120° V = 


B 
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Vag = V, = 208 /30° V 


Ven = 120 120° V 


Vac = 208 90° V 
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Figure 27-8 Combining phasors to prove Formula (27-1). 


Vas = V1.52V2 + 0.8662V2 


0.866Vy 


of phase with each other. In general, the line voltage, V,, is related to the phase 
voltage, V,, as follows: 


V= V3V, (27-1) 


To prove Formula (27-1), refer to Fig. 27-8, which shows how the phasors V,,, 
and Vyg are combined for the resultant phasor, V,,. Recall earlier from Fig. 27-6 
that the line voltage V,,, was calculated as 


Vip lO= Vin LO— Vpn LO 


Since —V,y /9 = Vye /@, then it is true that 


Vip lO= Vin LO+ Vys L8 


where V,, /8 = 120 /0° V and V,, /@ = 120 (60° V 

(For mathematical purposes, both of these phase voltages are represented as V, 
in Fig. 27-8.) 

In combining the phasors V,, and V,,, notice that the tail of the V,, phasor is 
connected to the tip of the V,, phasor. The resultant phasor, V,,, then, is the phasor 
that connects the tail of the V,,, phasor to the tip of the Vyg phasor. If the Vyg (Vo) 
phasor is converted into rectangular form for the rectangular coordinates of the 
inner right triangle, then 


Vus LO = V, £60° = 0.5V, + j0.866V, 


Similarly, V., /0 = V /0° = V, + j0 V 

Now, if the rectangular coordinates of V,, /@ and Vyg /@ are combined, we have 
V, + 0.5V, = 1.5V, for one side of the larger right triangle. The other side of the 
larger right triangle is 0.866V, as shown. To solve for the hypotenuse, which is the 
phasor, V,,, we have 


Vaz = V1.5°V2 + 0.866°V3 
Which simplifies to 


Vag = V2.25V; + 0.75V3 
Vas = V 3V3 


Vip = V3V; 


The other line voltages are calculated the same way. In general, V, = V3 V; ina 
Y-connected generator. 
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Example 27-1 


Figure 27-9 shows a Y-connected three-phase AC generator with a phase voltage, 
Vp of 277 V. How much is the line voltage, V,? 


Figure 27-9 Wye (Y)-connected three-phase AC generator. 


A 


ANSWER The line voltage, V, can be determined by applying Formula 
(27-1). 
V, = V3V, 
= 1.732 x 277 V 
= 480 V 


Example 27-2 


What is the phase voltage, V,, in a Y-connected three-phase AC generator 
whose line voltage, V,, equals 416 V. 


ANSWER Rearrange Formula (27-1) to solve for the phase voltage, V}. 


V = V3V, so 
V, 
V, = — 
"V3 
i .y —416V 
Inserting values: V, = 1732 
V, = 240 V 


E 27-2 Self-Review 


Answers at the end of the chapter. 
a. Ifthe phasor V,,, = 240 /30° V, what is the value of the phasor V,,? 
b. What is the formula for calculating the line voltage, V,, in a 
Y-connected three-phase AC generator? 
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27-3 The Delta (A)-Connected Three- 
Phase Generator 


In this section, we will examine the mathematical relationship between the phase 
current, J, and the line current, 7,, in a delta-connected three-phase AC generator. 
Recall that in a delta (A)-connected generator, the phase voltage, V,, and line volt- 
age, V,, are equivalent and equal to the voltage induced across each coil winding in 
the generator. Recall also that the phase voltages are 120° out of phase with each 
other. As shown in Fig. 27—10: 


Vas lO = V,/0° V 
Vac 19 = V; /-120° V 
Vea LO = V, /120° V 
Because the voltage across any two lines is the same as an individual phase 
voltage, V, = V, in a delta-connected three-phase AC generator. 
Because of the 120° phase difference between each phase voltage, the phase 
currents are also 120° out of phase with each other. The phase angles of the phase 
currents in Fig. 27—10 are 


Tag [0° A 
Ipc -120° A 
Ica /120° A 


The letters used for the subscripts of each phase current indicate the assumed 
direction of current. The first letter indicates the point or terminal where current 
enters the phase winding, and the second letter indicates the point or terminal where 
current leaves the phase winding. 

By examining Fig. 27—10, it is clear that the line current, J, flowing out from any 
terminal (Z 4» [,,, and Jc) is a combination of two phase currents. For our analysis 
here, let’s assume that the magnitude of each phase current is 1 / A. Applying KCL 
for the currents directed into and away from point A gives us the following equation: 


Toca — Loan — la = 9 
or Dun = Loca — loas 
Where J,., and J,,, are stated as 


Iyca = 1 [120° A = —0.5 A + j0.866 A 
Ip = 1 (022 A=1A4j0A 


Figure 27-10 _ Delta-connected three-phase AC generator showing the phase voltages, 
phase currents, and line currents. 


A ha = loca — loaB 
— 


Vea =Vp Á20°V / 


loca =1AA20° A 


x Vas = Vy 0° V 


long = 10° A 


hp = loas — lope 
SS 


lone = | 120° A 


he = lope ~ loca 
SS 
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Inserting values into the equation for J, , gives us 
Ia =(—0.5 A + j0.866 A) — (1 A+j0 A) 
Removing parenthesis, we have 
Ja = —0.5 A + j0.866 A -1 A -j0 A 
Which simplifies to 
la =—1.5 A + j0.866 A = 1.732 /150° A 
Applying KCL for the currents directed into and away from point B gives us 
laas — lasc — p= 0 
or 
Lis = loas — losc 
Where 744g and J,,. are stated as 


La = 10° A=1A4j0A 
Inne = 1 £120° A = —0.5 A — j0.866 A 


Inserting values into the equation for J, , gives us 

I,= (A+ j0 A) — (0.5 A — j0.866 A) 
Removing parenthesis, we have 

I =1A+j0A +0.5 A +j0.866 A 
Which simplifies to 

I, = 15 A+ j0.866 A = 1.732 730° A 


And finally, applying KCL for the currents directed into and out of point C yields 
the following equation: 


Isc — Loca — lic = 9 
or 

Tic = Lone — Loca 
where /,,. and Ica are stated as 


Isc = 1 (120° A= —0.5 A — j0.866 A 
Ica = 1 (120° A = —0.5 A + j0.866 A 


Inserting values into the equation for J o gives us 

Le = (—0.5 A — j0.866 A) — (—0.5 A + j0.866 A) 
Removing parenthesis, we have 

I. = —0.5 A — j0.866 A + 0.5 A — j0.866 A 
Which simplifies to 

Le =0 A — j1.732 A = 1.732 -90° A 


The phase relationship between the line currents and each phase current is 
shown in Fig. 27—11. The line currents are identified as J, ,, J,,, and Zc, where 
the second letter in the subscript denotes from which terminal (A, B, or C) the 
line current flows. Notice that each line current is 30° out of phase with 
the nearest phase current. In general, the line current, /,, is related to the phase 
current, 7, as 


L= v3I o (27-2) 
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Figure 27-11 Phasors representing the phase currents and line currents in Fig. 27-10. 


loca =1420° A 


hg =1732 30° A 


la = 1.732 150° A 


long =10° A 


> 
logc = 14-120° A ¥ 30° 
Io = 1.732 490° A 


Figure 27-12 offers the proof for Formula (27-2). As you can see, this is the same 
technique used to verify Formula (27-1) for the line voltages in a Y-connected 
three-phase AC generator. Recall the KCL equation for the currents at point B in 
Fig. 27-10. 


Tig = loas — logc 


where —lygc = lcg = 1 4-120° +180° A 
lg = 1 [60° A 


Therefore, Zg = lyas + Ipc for the currents at point B. 

In Fig. 27-12, we see that the tail of the I cg phasor is connected to the tip of the 
Zan phasor. The resultant phasor J/,,, is connected from the tail of the J,,, phasor to 
the tip of the Z cg phasor. Now, if the Z cg phasor is converted into rectangular form 
for the rectangular coordinates of the inner right triangle, then 


Lc = 1 160° A = 0.51, + j0.8661, 


Similarly, /,,,= 1 /0° A = J, + jOI, 

Now, if the rectangular coordinates for /,,, and Iya are combined, we have 
0.51, + J, = 1.51, for one side of the larger right triangle in Fig. 27—12. The other 
side of the larger right triangle is 0.866/,, as shown. To solve for the hypotenuse, 
which is the phasor J, p, we have 


La = VISE + 0.8662, 


Which simplifies to 
ls = V35 
lg = V31, 


The other line currents are determined the same way. In general, J, = V31, for a 
delta-connected three-phase AC generator. 


Figure 27-12 Combining phasors to prove Formula (27-2). 


hp = y1.521 + 0.8667/2 


0.866/, 
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Example 27-3 

In Fig. 27-10, how much is the line current, /,, if each of the phase currents, J,, 
are 30 A? 

ANSWER The line current, /,, can be calculated using Formula (27-2). 


L=v3i 
= 1.732 x 30 A 
= 51.96 A 


Example 27-4 


In Fig. 27—10, how much is each phase current, /,, if the line currents, J, , each 
equal 20 A? 


ANSWER _ Rearrange Formula (27-2) to solve for the phase current, 7. 


i= V3, so 
I 
L= 
v3 
i : — 20A 
Inserting values: Z, = 1732 
[,=11.55A 


E 27-3 Self-Review 
Answers at the end of the chapter. 
a. If the voltage across a coil winding in a delta-connected three-phase 
AC generator is 120 V, how much is the line voltage, V,? 
b. What is the formula for calculating the line current, Z, , in a delta- 
connected three-phase AC generator? 


27-4 Three-Phase Source/Load 
Configurations 


The output from a wye (Y)- or delta (A)-connected three-phase AC generator 
may be connected to a load that is arranged in either a wye (Y) or delta (A) con- 
figuration. There are four possible system configurations, which include the 
following: 


1. A wye (Y)-connected generator driving a wye (Y)-connected load. (Y-Y) 

2. A wye (Y)-connected generator driving a delta (A)-connected load. (Y-A) 

3. A delta (A)-connected generator driving a delta (A)-connected load. (A-A) 

4. A delta (A)-connected generator driving a wye (Y)-connected load. 
(A-Y) 
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In any configuration, the loads can be purely resistive, purely reactive, or complex 
impedances that contain both resistance and reactance. If all of the impedances in a 
load are identical, the load is said to be balanced. Conversely, if all of the imped- 
ances in a load are not identical, the load is said to be unbalanced. Only balanced 
loads will be discussed in this chapter. 


The Y-Y Configuration 


Figure 27—13 shows a Y-connected generator driving a balanced Y-connected load. 
Since the neutral (N) point is connected between the source and the load, this is a 
three-phase four-wire system. As you will see, all other system configurations are 
strictly three-wire systems because there are only three connection points in a delta 
(A) configuration. Four-wire systems are useful when it is desired to have different 
load voltages. In a typical application, low-voltage loads such as lights and small 
appliances are connected between one of the lines (A, B or C) and neutral for opera- 
tion at the phase voltage of 120 V. On the other hand, high-voltage loads, such as 
heaters, can be connected across two lines for operation at the line voltage of 208 V. 

The Y-Y configuration in Fig. 27—13 is relatively simple to analyze. Close exami- 
nation of the circuit connections reveals that each load impedance is in parallel with 
a phase voltage, V,, because of the common neutral (N) point. For a Y-Y configura- 
tion, therefore, 


V,=V, (27-3) 


Where V, is used to denote the load voltage to avoid confusion with the line volt- 
age, V,, available from a Y-connected generator. In Fig. 27-13: 


V, = V,= 120/0 V 


To calculate the load currents in Fig. 27—13, just divide the phase voltage, V}, by 
the load impedance, Z. 
v, 
Z 
where I, represents the current in the load impedance, Z. 
In Fig. 27-13, each load impedance is identical and thus the load is said to be 
balanced. To calculate each load current, use Formula (27-4). In using Formula (27-4), 


L= (27-4) 


Figure 27-13 Y-Y configuration. 
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Ven = 120 120° V 
x 


30° Q 
0° V 


12 0° Q 
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however, it is important to include the proper phase angle of each separate phase 
voltage. Across Z, V, = Vay = 120 /0° V. Similarly, across Z,, V, = Vax = 
120 /-120° V and across Z, V, = Ven = 120 /120° V. Now we can calculate each 
load current. 


Iz -3 
120 0° V 


L = 10430° A=8.66A—j5A 
Van 


m=z 
_ 120 /⁄—120° V 
~ 42 [30° Q 


I = 10 (150° A = -8.66 A — j5 A 


n= 
_ 1207120° V 
~ 12 /30° Q 
10 /90° A=0A+jl10A 


Iz 


In Fig. 27-13, the current in the wires (lines) connecting points A, B, and C on 
the Y generator to points a, b, and c on the Y load is called the line current, desig- 
nated J,. As shown in the figure, the currents J,, J, and J, are all equal within each 
phase of the Y-Y system. For a Y-Y configuration, therefore, 


Lt, (27-5) 


In Fig. 27-13 then, each line current equals 10 /@ A, where the phase angle / 8 
depends on which line current is being considered. In some cases, the individual 
line currents are identified using the connecting terminals between the source and 
load as subscripts. For example, in the line connecting terminals A and a, the line 
current is identified as /,,. Similarly, Zp, and Zc, can be used to identify the currents 
in the lines connecting terminals B and b and C and ¢, respectively. Also, each phase 
current, J,, can be identified by the terminal to which the phase winding connects. 
For example, /,, is the current in the phase winding connected to terminal A, and Zg 
and Jç are the currents in the phase windings connected to terminals B and C, 
respectively. In Fig. 27—13, therefore, 


Lyx = la = 1, = 10 £302 A 
Ign = Lp = Iz = 10 A-150° A 
Iho= IQ. = Izy = 10 0° A 


The only current we haven’t accounted for in Fig. 27—13 is the neutral current, Jy. 
By applying KCL at point N, we have the following equation of currents: 


I, +1pn+h,-Iy=0 or 
h= a + Iz +h, 


Inserting the rectangular form of each current, so values can be combined, gives us 
Iy = (8.66A — j5 A) + (—8.66 A — j5 A) + (0 A + j10 A) 

Removing parenthesis: 
I = 8.66 A -j5 A -8.66 A-j5A+0A+jl0A 

Which simplifies to 
K=0A+j0A=0 (2A 
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Figure 27-14 Y-A configuration. 


866 


Ven = 120 20° V 
x 


In a Y-Y system with a balanced load, the current in the neutral wire is always zero. 
In fact, because the neutral wire does not carry any current for the balanced load 
condition, it can be removed without having any effect on how the circuit operates. 
In a practical Y-Y system, however, the neutral wire is retained because a perfectly 
balanced load is difficult to achieve and almost impossible to maintain. In the case 
of an unbalanced load, the neutral wire will carry some current. The amount of cur- 
rent carried by the neutral wire depends on how much of an imbalance exists 
between each load impedance. In this chapter, we will deal exclusively with bal- 
anced loads. 


The Y-A Configuration 


Figure 27—14 shows a Y-connected generator driving a balanced, A-connected 
load. Notice that the neutral (N) point in the Y-connected generator is not con- 
nected to the load because there are only three connecting points on the delta. As 
a result, there are only three wires (lines) connecting the three-phase generator 
to the load. 

In the Y-A configuration, each load impedance has the full line voltage across 
it. As you recall, in a Y-connected generator, the line voltage, V,, is calculated as 
V, = V3V,,. In Fig. 27-14, therefore, the load voltage, Vz, is calculated as 


V, = V, = V3V, (27-6) 
Since V, = 120 V /8 V, we have 


V, = V3 x 120/0 V 
V, ~ 208/0 V 


The phase angle of each line voltage was determined back in Section 27-2 and is 
displayed in Fig. 27-7. The phase angle between each line voltage is 120°, and each 
line voltage is 30° out of phase with the nearest phase voltage. In Fig. 27—14, the line 
voltage, Vo,» of 208 /150° V is across Z,; the line voltage, V,,, of 208 /30° V is 


h=Ia=V3'z 
—> 


vL 


208 7150° V 


60° Q v 
208 /20° V 


b 


26 


60° Q 
v 


— | 
208 


490° V 
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across Z,; and the line voltage, Vgc, of 208 /~90° V is across Z}. The individual load 
currents are calculated as 
Ven 
Zi 
— 208 150° V 
26 /60° Q 
I,,=8 O° A=0A4j8A 
V, 
In= Z 
— 208 730° V 
26 /60° Q 
Iņ = 8 430° A = 6.93 A — j4 A 
Vac 
Z 
— 208 490° V 
26 /60° Q 
Iz; = 8 /-150° A = —6.93 A — j4 A 


lz = 


In Fig. 27-14, the line currents Z4, J,, , and Zo, equal the corresponding phase 
currents I,,, lg, and J,, in the Y-connected generator. That is, J, = J,. However, each 
line current divides into two load currents as shown. Using the assumed direction of 
current for /,,, I7, and I,, in Fig. 27-14, apply KCL at points a, b, and c to obtain the 
following equations for /,,, Ig», and Ice: 


At point a: Ia +1, — I =0 or 


Dna = lz — In 
At point b: Ia + I3 — Ip =0 or 

Iy = Ln — Iz 
At point ¢: Ie + Iza — I3 =0 or 

Ie = lz — lz 


Inserting values to solve for each line current gives us 


La = Tz — Ly 
= (0 A + j8 A) — (6.93 A — j4 A) 


Which simplifies to: /,, = —6.93 A + j12 A = 13.86 /120° A 
Next: Ip = Iz — Iz 

= (6.93 A — j4 A) — (—6.93 A — j4 A) 
Which simplifies to: J, = 13.86 A + j0 A = 13.86 /0° A 
And finally: Ie. = 1; — lz 

= (—6.93 A — j4 A) — (0 A + j8 A) 
Which simplifies to [,, = —6.93 A — j12 A = 13.86 120° A 
In general, J, = V31, 
= 1.732 x8 A 
I, =13.86A 


In Fig. 27-14, each line current is 30° out of phase with the nearest load current, 
I,. For example, [,, leads 1,, by 30°, J, leads 7,, by 30°, and J, leads I,, by 30°. 
Furthermore, it is important to note that the phasor sum of all the line currents is zero. 


The A-A Configuration 


Figure 27-15 shows a A-connected generator driving a balanced, A-connected load. 
In this configuration, the load voltage, line voltage, and phase voltage of a given 
phase are all equal. 


V,=V,=V, (27-7) 
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Figure 27-15 A-A configuration. 


120 A120° V 


120° V 120 70° V 


120 


30 745° Q 


| 120 20° v ——+| 


= + 
120 120° V 


In Fig. 27-15, each load voltage is shown as 


Vz = V, = 120 /0° V 
Vin = Vo, = 120 /120° V 
Vz = Vac = 120 120° V 


Although the magnitude of each load voltage is the same, the load voltages are 
120° out of phase with each other. The individual load currents are calculated as 


V 
Iz A 
_ 120/02 V 
30 A5° Q 
TD, = 4 LASS A = 2.828 A — j2.828 A 
= Vea 
lz EA 
— 120/120° V 
30 45° Q 
Ip =4/15° A = 1.035 A + j3.864 A 
Vac 
Z 
— 120 —120° V 
30 /45° Q 
I, = 4 /-165° A = —3.864 A — j1.035 A 


Next, apply KCL at points a, b, and c using the assumed direction of cur- 
rents shown. Doing so yields the following equations for the line currents /,,, 


Iz= 


Typ, and Ios 
La = 1, — 1p 
Tp = lz — lz 
lo = In — lz 
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Inserting values to solve for each line current gives us 

Ia = (2.828 A — j2.828 A) — (1.035 A + j3.864 A) 
Which simplifies to 

La = 1.793 A — j6.692 A = 6.928 A-75° A 
Next, 


Igp = (—3.864 A — 31.035 A) — (2.828 A — j2.828 A) 


Which simplifies to 
Ty, = —6.692 A + j1.793 A = 6.928 /165° A 
And finally 


Ie. = (1.035 A + j3.864 A) — (—3.864 A — j1.035 A) 
Which simplifies to 
Ic. = 4.899 A + j4.899 A = 6.928/45° A 


In general: J, = V31, 
=1.732x4A 
1, = 6.928 A 


In Fig. 27-15, each line current is 30° out of phase with the nearest load current, J,. 
For example, /,,, lags 73, by 30°, Ip, lags I,, by 30°, and Zc, lags 77, by 30°. Furthermore, 
the line currents are 120° out of phase with each other. 


The A-Y Configuration 


Figure 27—16(a) shows a A-connected generator driving a balanced, Y-connected load. 
Close examination of the circuit connections shows that the current in each load is 
equal to its corresponding line current, J,. That is, J, = J. If we can determine each 
line current, then each individual load voltage can be calculated as V, = JZ. Since 
the Y-connected load is balanced, it can be converted into an equivalent A network 
whose impedances are Z, = 3Zy. In this case, Z, = 3 x 120 /45° Q = 360 A45° Q. 
The equivalent A-A connections are shown in Fig. 27—16(b). To calculate the line 
currents, we must first calculate the current in each leg of the A-connected load. In 
Fig. 27—16(b), 


_ 480 /-120° V 
360 745° Q 


Iz, = 1.333 (-165° A = —1.288 A — j345 mA 
Also, 


_ _480/0° V 
360 /45° Q 


Tog = 1.333 ZA45° A = 942.6 mA — j942.6 mA 
= Voa 


I ZC Le 


_ 480 7120° V 
~ 360 /45° Q 


Toc = 1.333 775° A = 345 mA + 51.288 A 
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Figure 27-16 A-Y configuration. (a) Original circuit. (b) Converting the Y-connected load to an equivalent A-connected load to 
simplify analysis. 


480, 


480/0° V 


120° V 


= + 
4804120° V 


Ina 


Vas =480/0°V _ X e 


gh 45° Q 
/ 


360 745° Q 


|— Vac = 4804120° V — 


Vea = 480/420° V 
60/45° Q 


480/120° V 480/0° V 


= + 
480120° V 


(b) 


Next, apply KCL at points a, b, and c in Fig. 27—16(b) using the assumed direc- 
tion of currents shown. Doing so yields the following equations for the line currents 
Lro Tgp, and I. 


Th. = Iz — Loc 
Typ = lza — Lop 
Toe = lze — Ton 


Inserting values to solve for /,,, Igp, and Io. gives us 

Ia = (942.6 mA — j942.6 mA) — (345 mA + j1.288 A) 
Which simplifies to 

Ia = 597.6 mA — j2.231 A=2.31 A75° A 
Also, 

Tg, = (— 1.288 A — 3345 mA) — (942.6 mA — j942.6 mA) 
Which simplifies to 

Tgp = —2.231 A + j597.6 mA = 2.31 /165° A 
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And finally, 

Ic. = (345 mA + j1.288 A) — (—1.288 A — j345 mA) 
Which simplifies to 

Ie. = 1.633 A + j1.633 A = 2.31 /45° A 


These line currents /,,, Zgb» and To, are the same in Fig. 27—16(a). Knowing the 
value of each line current allows us to calculate each load voltage. Refer to 
Fig. 28—16(a). 


Va = La X Zi 
= 2.31 475° A x 120 /45° Q 
Vz = 277.2 /-30° V 
Next, 
Vz = le X Z 


= 2.31 /45° A x 120 45° Q 
Va = 277.2 (90° V 
And finally, 
Vz = Ís X Z 
= 2.31 /165° A x 120 45° Q 
Vz = 2717.2 210° V 


In general, the load voltage, V, in a A-Y configuration equals 
Vz = —= (27-8) 


Where the line voltage, V,, equals the induced voltage across each generator 
winding. In Fig. 27—16(a), 


y, —480/0V or 


z= 1732 
V, x 277V 


E 27-4 Self-Review 


Answers at the end of the chapter. 


a. Ina Y-Y configuration, how much current flows in the neutral wire if 
the load is balanced? 

b. Inthe Y-A configuration, is the load voltage, V,, equal to the phase 
voltage, V,, or the line voltage, V,? 

c. Inthe A-A configuration, how is each line current, Z, , related to the 
load current, I,? 

d. Inthe A-Y configuration, how is each load voltage, V_, related to the 
line voltage, V,? 


27-5 Three-Phase Power Calculations 


In a balanced Y- or A-connected load, each load impedance dissipates an equal 
amount of power, which can be calculated as 


P, = V_I,Cos 0 (27-9) 
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where Cos @ is the power factor of the circuit. 
The total power, P,, dissipated by a balanced load is three times the power 
dissipated by an individual load. 


P,=3P, (27-10) 


The following voltage and current relationships exist for each of the four possible 
three-phase source/load configurations. 


Y-Y Configuration 


V, 
V,= V= V, = V3 V and I, =, 


Y-A Configuration 


V, = V, and I, = V31, orl, = — 


SI 


A-A Configuration 


V, = V, and I, = V31, or I, = ~- 


SS 


A-Y Configuration 
V, 


Ua and = I, 


If the foregoing expressions for V, and J, are substituted into Formula (27-10) 
for any of the four possible source/load configurations, we have 


P, = V3V,1, Cos 0 (27-11) 


As an example of how this formula is derived, let’s use the expressions for V, and J, 
in the Y-Y configuration. Recall that the total power in a balanced load is calculated as 


P,=3P, or 
P, = 3V_L, Cos 0 


Substituting for V, and J,, we have 


V; 
Py = 3— jah, Cos 6 
Since 3 = V3 x V3, then P, = V3 x V3 Lal, Cos 0 


Which can be reduced to Formula (27—11), which is 
P, = V3V,1, Cos 0 


About the Phase Angle 0 


When using any of the power formulas, it is important to note that the phase angle, 
0, is the phase angle of the impedance, Z. Since 0 equals the phase angle between 
the applied voltage and current, then 


0=[V,-LL 


Since /I, =/V,—/Z then 
0 = [V; — (V, — /Z) which simplifies to: 
0=/Z 
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Example 27-5 


Calculate the total power, P,, for the balanced load in (a) Fig. 27—13 and (b) 
Fig. 27-14. 


ANSWER 


(a) In Fig. 27-13, recall that V, = V, = 120 V. Therefore, V, = V3V, ~ 208 V. 
Also, 7, = I, = 10 A and the phase angle, 0, of each load impedance is 30°. 
Using Formula (27—11), we have 


P,= V3V,1, Cos 0 
= 1.732 x 208 V x 10 A x Cos (30°) 
P,=3.12kW 


(b) In Fig. 27-14, recall that V, = V, = 208 V and J, = V3I, = 13.86 A. Also, 
0, = 60°. Inserting values into Formula (27—11), we have 


P,= V3V,1, Cos 0 
= 1.732 x 208 V x 13.86 A x Cos (60°) 
= 2.497 kW 


Advantages of Three-Phase AC Power 


Three-phase systems have several advantages over single-phase systems. In gen- 
eral, three-phase systems are more efficient and, in turn, more economical to 
implement and use than single-phase systems. The most notable advantages are 
listed here. 

Economics of Power Transmission—One notable advantage to using a 
three-phase system is that for a given amount of load power, there is less cur- 
rent, and in turn, less R power loss in the wires or lines connecting the source 
to the load. As you will see, for the same amount of transmitted power, this 
allows for the use of a smaller wire size (higher gauge number) with three- 
phase AC power systems. This, in turn, results in a significant cost savings 
because the total volume of wire needed to transmit a given amount of power 
is significantly reduced. Let’s take a look at an example. Figure 27—17(a) 
shows a single-phase system in which a 1.8 kW load is connected to the 120 
V power line through two copper conductors. The current drawn by the load is 
calculated as 


_P 
ay 
_18kW 
120 V 
I=15A 


The two conductors connected to the load must each carry a current of 15 A. 

Now consider the three-phase circuit in Fig. 27—17(b) which uses a A-A configu- 
ration. Each load receives a voltage of 120 V because V, = V, = V, ina A-A con- 
figuration. In the balanced A-connected load, each load dissipates 600 W of power 
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Figure 27-17 Economics of power transmission. (a) Single-phase system with 1.8 kW load. (b) Three-phase system with 3-600 W loads 
for a total of 1.8 kW. 


/= 100 ft 
(Cu) 


— 


120 120° V 


120 70° V 


/=100 ft 


120 120° V (Cu) 


for a total power, P, of 1.8 kW, as in Fig. 27—17(a). With 120 V across each load, 
each respective load current equals 


-P 

1=y 
600 W 
120 V 

I=5A 


Recall that in a A-A configuration, the line current, I, is calculated as 


L= v3, 
=1.732x5 A 
I, =8.66 A 


In Fig. 27—17(a) and (b), notice that the length of each conductor is 100 ft. If we 
go by the rule that 500 cmils can safely carry 1 A of current, then the load in 
Fig. 27—17(a) requires the use of a copper wire whose total cmil area equals 


cmil = So emi x15A 
cmil = 7500 cmil 


In Fig. 27-17(a), therefore, the total volume of copper wire, in units of cmileft, 
equals 7500 cmil x 200 ft = 1.5 x 10° cmileft. 
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In Fig. 27—17(b), the cmil area required for each conductor is 


cmil = emil x 8.66 A 
cmil = 4330 cmil 


In this case, the total volume of copper used by the conductors is calculated as 
4330 cmil x 300 ft. = 1.299 x 10° cmileft. Note that the total volume of copper wire 
calculated in Fig. 27—17(b) is less than what was calculated in Fig. 27—17(a). In fact, 
the ratio of the two is 


1.299 x 10° cmileft _ 
1.5 X 10° cmileft nee? 


This corresponds to approximately 13.4% less copper wire for the A-A three- 
phase configuration in Fig. 27—17(b) versus the single-phase system in Fig. 27—17(a). 
This cost savings is very significant when long distances and very large amounts of 
power are being transferred from one location to another. 

Constant Power—lIn a single-phase AC circuit, the power decreases to zero 
twice during each cycle of alternating voltage. Therefore, in a single-phase AC cir- 
cuit, the power delivered to the load pulsates or fluctuates between zero and some 
maximum value. In a balanced three-phase AC circuit, however, the instantaneous 
power delivered to the load is steady or constant. This is important when the load is 
a motor because it results in a uniform or constant torque on the shaft of the motor. 
This results in less variation and vibration, and in turn, less wear and tear on the 
motor during the life of its operation. 

Power Generation—Three-phase AC power can be generated more economi- 
cally and more efficiently than single-phase AC power. Also, three-phase AC power 
sources are capable of supplying power to both single-phase and three-phase loads 
when different load voltages are required in a given application. 

Superiority of Three-Phase Motors—As compared to single-phase motors, 
three-phase motors are smaller in size and weight and have higher efficiencies and 
power factors. They also do not use or need a special starting capacitor as is required 
with single-phase motors. In general, three-phase motors are more economical to 
use as compared to single-phase motors. 

It is important to note that a detailed explanation of some of these listed advan- 
tages is beyond the scope of this chapter. A more detailed analysis of the advantages 
listed would most likely be covered in more advanced subsequent power courses. 


E 27-5 Self-Review 
Answers at the end of the chapter. 


a. A A-A configuration has the following values: V, = 480 V, I, = 12 A, 
and 0, = 60°. Calculate the total power, P, dissipated by the load. 

b. A Y-Y configuration has the following values: V, = 120 V, I, = 6 A, 
and 0, = 18°. Calculate the total power, P, dissipated by the load. 
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Summary 


A single-phase AC circuit contains 
only one AC voltage source. 


A polyphase AC circuit contains two 
or more AC voltage sources that are 
out of phase with each other. 


A three-phase AC generator 
produces three different output 
voltages that are 120° out of phase 
with each other. 


In a Y-connected, three-phase AC 
generator, the voltage across each coil 
winding is called the phase voltage, 
designated V,. The output voltage 
across any two coil windings is called 
the line voltage and is designated V. 


n a Y-connected generator, V, = 


V3V 


a: 
n a A-connected generator, the 
phase voltage, V,,and line voltage, 
œ are the same. That is, V= V.. 
Each phase voltage is still 120° out 
of phase with each other, however. 


The currents in the coil windings of 
a A-connected three-phase AC 
generator are called phase currents, 
designated, /,. The currents flowing 
out from the terminals (lines) of the 
A-connected generator are called 
line currents, designated /,. 


Important Terms 


Balanced Load—A wye (Y)- or delta 
(A)-connected load in which each 
individual load impedance is identical. 


Line Current, |, —The current flowing in the 
wires (lines), which connects the terminals 
of a three-phase AC generator to the 
terminals of a Y- or A-connected load. 


Line Voltage, V,—The voltage measured 
across two terminals or lines (not 


Related Formulas 


Y-Connected Generator 


V= V3V, 
A-Connected Generator 

= V3l, 
Y-Y Configuration 

V,= Vp 

V 

L=% 

hah 
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In a A-connected three-phase AC 
generator, |, = V3/,. 


To obtain the negative of any phasor 
expressed in polar form, just add 
180° to the phase angle, @. In 
rectangular form, change the sign of 
both terms. 


In a Y-connected three-phase AC 
generator, each line voltage is 30° 
out of phase with the nearest phase 
voltage. 


In a A-connected three-phase AC 
generator, each line current is 30° 
out of phase with the nearest phase 
current. 


In the Y-Y configuration, the load 
voltage, Vz, equals the phase 
voltage, Vy. Also, the load current, 
/,, equals the line current, /,, as well 
as the phase current, /, 


n a Y-Y configuration with a 
balanced load, the current in the 
neutral wire is zero. 


n a Y-A configuration, the load 
voltage, V,, equals the line voltage, 
Į» which is V, = V3V, The line 
current, |, = V3 la 


n the A-A configuration, V, = V, 
= V,. The line current, I = V31z. 


including neutral) in a three-phase AC 
generator. 


Phase Current, |, —The current flowing in a 
coil winding of a three-phase AC generator. 


Phase Voltage, V,—The voltage directly 
across a coil winding in a three-phase AC 
generator. 


Polyphase AC Circuit—A circuit 
containing two or more AC voltage 


Y-A Configuration 


V,=V_=V3V, 
V 
=F 
=V31, 
A-A Configuration 
V=V =V; 
V. 
a 
=V31, 


In the A-Y configuration, the load 
V 
l: 


v3 


voltage, V, = . The line current, 
Late 

In a balanced Y- or A-connected 
load, each load impedance 
dissipates an equal amount of 
power calculated as P; = V,/, Cos 0. 
The total power dissipated by a 
balanced load is calculated as 

P = V3V,/, Cos 8. The phase angle, 
0, is the phase angle of the 
impedance, Z. 


The distribution of three-phase AC 
power is more efficient than the 
distribution of single-phase AC 
power. This is because, for the same 
oad power, there is less /?R power 
oss in the wires or lines connecting 
the source to the load. Because of 
this, a three-phase system can get 
by with using a smaller wire size, 
which results in considerable cost 
savings in terms of copper wire. 


Three-phase AC power can be 
generated more economically and 
more efficiently than single-phase 
AC power. 


sources, each with a different phase 
angle. 


Single-Phase AC Circuit—A circuit 
containing only one AC voltage 
source. 

Three-Phase AC Circuit—An AC circuit 
containing three separate AC voltage 


sources, which are 120° out of phase 
with each other. 
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A-Y Configuration Power Calculations 


y aM ae P,= VI, Cos@ (Individual Load) 
MS wy P,=V3V,1,Cos@ (Total Load Power) 
l, = l where |, = F 


Self-Test 


is the value of the phasor V,,? 


a. 50 /40° V. 

b. 50 /-160° V. 
c. 50/180° V. 
d. 50/140° V. 


» Vo 
equals 1 20 V, is connected to a 


Y-connected load whose impedances 
areZ, = Z, = Z; = 5/-45° Q. How 
much is the total power, P,, delivered 
to the load? 


1. Asingle-phase AC circuit contains: a. 14.43 A. 11. How much is each individual load 
a. Three out-of-phase AC voltages. b.43.3A. current, lz in a Y-A configuration, if 
the line current, /, , is 20 A? 
b. Only one AC voltage source. c. OA. OÀ 
c. Two out-of-phase AC voltage d. 25 A. x : 
sources. b. 11.55 A. 
di three in chee Re voltage 7. In . eee load c. 34.64 A. 
sources. voltage isequalto d. This is impossible to determine. 
a. V 
0- 
. Inathree-phase AC generator, each V 12. In a Y-Y configuration, the load 
phase voltage is: b. NE current, /,, equals: 
a. In-phase with each other. c. V, a. ly 
b. 30° out of phase with each other. d. Both aand b: b./.. 
c. 120° out of phase with each other. C. V3l;. 
d. 180° out of phase with each other. 8s Inia Y-connected three-phase d. Both a and b. 
generator, what is the phase 
. In a four-wire Y-Y configuration, how relationship between each line 13. The distribution of three-phase AC 
much current flows in the neutral voltage and its nearest phase power is more efficient than the 
wireiftheloadis balanced? voltage? distribution of single-phase AC 
I= v3] a. 30° power because 
iy ee ; ; 
b A 2y í b. 120° a. For a given amount of load power, 
INT Z i i each conductor has less current 
e h= 0A; c. 60°. and thus less /?R power loss. 
d. This is impossible to determine. d. 180°. b. Less copper is required. 
. Ifthe phase voltage in a Y-connected 9. Ina A-Y configuration, how much is c: Moré copper is required: 
three-phase generator is 3 kV, how each load voltage, V,, if the line d. Both a and b. 
much is the line voltage, V,? voltage, V,, is 208 V? . 
52K 208 V. 14. In the A-A configuration: 
a. 5.2 kV. å; ; 
.l,=1 =l, 
b. 3 KV. b. 360V. : ake 
c. 1.732 kV. c. 147V. e d 
d. 4.24 KV. d. 120V. SZTN 2 le 
d. h= V3. 
. Ifthe phasor V,, = 50/-40° V, what 10.A Y-connected three-phase . . 
generator, whose phase voltage, V 15. In a four-wire Y-Y configuration, 


current will flow in the neutral wire 
only when 


a. The load is unbalanced. 
b. The load is purely resistive. 


c. The load is balanced. 


a. 3.53 kW. w ; ; 
g d. The load is purely reactive. 
. Ina A-A configuration, each load b. 6.11 kW. 
current equals 25 A. How much is c. 2.04 kW. 
each corresponding line current? 
d. 10.6 kW. 
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Essay Questions 


1. Ina Y-connected three-phase AC generator, define the 
terms phase voltage and line voltage. 


2. Ina A-connected three-phase AC generator, define the 
terms phase current and line current. 


3. Ina Y-connected three-phase AC generator, what is the 
phase angle between 


a. Each phase voltage? 


b. Each line voltage? 


c. Each line voltage and the nearest phase voltage? 


Problems 


SECTION 27-1 THREE-PHASE AC GENERATORS 


27-1 What type of connection is shown for the generator 
coil windings in Fig. 27-18? 


Figure 27-18 


240 120° V 240 /-120° V 


xX 
Cex B 


27-2 In Fig. 27—18, what is the phase angle between each of 
the three coil voltages? 


4. 


27-3 


27-4 


27-5 


27-6 


27-7 


27-8 


Explain what is meant by a balanced and unbalanced 
load. 


Show how the formula P} = V3V,/, Cos @ is derived for each 
of the following circuit configurations: 


a. Y-Y. 
b. Y-A. 
c. A-A. 
d. A-Y. 


In Fig. 27—18, what is the mathematical relationship 
between the line voltage, V,, and the phase voltage, 
V? 

o 
In Fig. 27—18, what is the magnitude of 
a. Each phase voltage, V,? 
b. The line voltage, V,? 


What type of connection is shown for the generator 
coil windings in Fig. 27—19? 

n Fig. 27—19, what is the magnitude of 

a. Each phase voltage, V,? 

b. The line voltage, V,? 


n Fig. 27-19, what is the phase angle between each 
a. Phase voltage? 


b. Phase current? 


n Fig. 27—19, what is the mathematical relationship 
between the line current, /,, and the phase current, /,? 
How much is the line current, /,? 


Figure 27-19 


330A20°V , 


loca = 5/A20° pf 
xX 
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loge = 5 120° A 


330, 


Nee" ® 0° A 


0° V 
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SECTION 27-2 THE WYE (Y)-CONNECTED THREE- 
PHASE GENERATOR 
27-9 Ifthe phasor Van = 60 /-30° V, the phasor Vya = ? 


27-10 If the phasor Vc = 200 /0° V, the phasor Vi, =? 
27-11 If the phasor V,,= 25 /60° V, the phasor V, =? 


27-12 If the phasor Ven = -40 V + j30 V, then the phasor 


ne =? 


27-13 Calculate the line voltage, V,, in a Y-connected three- 
phase AC generator if the phase voltage, V, equals 


a. 45V. 
b. 100 V. 
c. 2 kV. 


27-14 Calculate the phase voltage, V, in a Y-connected three- 
phase AC generator, if the line voltage, V,, equals: 


a. 500V. 
b. 75V. 
c. 3.3 kV. 


SECTION 27-3 THE DELTA (A)-CONNECTED THREE- 
PHASE GENERATOR 


27-15 Calculate the line current, /,, in a A-connected three- 
phase AC generator if the phase current, /,, equals: 


rly 
a. 3A. 

b. 29 A. 

G TSA: 


27-16 Calculate the phase current, /, in a A-connected three- 
phase AC generator if the line current, /,, equals: 


a. 18A. 
b. 29 A. 
c. 2.7 A. 


SECTION 27-4 THREE-PHASE SOURCE/LOAD 
CONFIGURATIONS 
27-17 In Fig. 27—20, solve for the following: 


The phase voltages, Vay, Van, and Ven- 


ao wu 


The line voltages, Vip, Vac, and Ven- 
The load currents, l3, 123, and 53. 
The line currents, ha lgb and lee 


The phase currents, Ign, log» and loc- 


mo 2 a 


The neutral current, Iy- 


Figure 27-20 


480/120° V 
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The load currents, l7, /3, and /,3. (Note the 


27-18 In Fig. 27—21, solve for the following: ë. 
assumed direction of each load current.) 


a. The phase voltages, Van, Van, and Vey. 
d. The line currents, laa lgb and lee- 


b. The line voltages, Vag, Vac, and Vea. 


e. The phase currents, Iga, log» and loc- 


Figure 27-21 


300/0° V 


12 780° 


300/120° V 


b. The load currents, /,,, lz2, and lz. (Note the 


27-19 In Fig. 27—22, solve for the following: 
assumed direction of each load current.) 


a. The load voltages, V,,, V,.,and Vz. 


c. The line currents, lsa lgb» and lec- 


Figure 27-22 


280/120° V 


280120° V 
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27-20 In Fig. 27—23, solve for the following: b. The load currents, l3, /45, and lz. 


a. The load voltages, V,,, V,., and Vz. c. The line currents, /,,, /g,,and lec- 


Figure 27-23 


440/120° V 


440A120° V 


27-21 In Fig. 27—24, a Y-connected load is connected to a 27-22 In Fig. 27—25, determine the magnitude of 
Y-connected generator whose line voltage, V,, equals a. Each load voltage, Vz. 
480 V. Determine the magnitude of 
b. Each load current, lz. 


a. Each load voltage, Vz. i 
c. Each line current, h. 
b. Each load current, lz. 


c. Each line current, /,. 


d. The neutral current, Iy- Fi 27-25 
igure 27- 


A - Connected load 


Figure 27-24 


Y - Connected load 


Three-Phase AC Power Systems 881 


SECTION 27-5 THREE-PHASE POWER 27-24.Calculate the total power, P}, dissipated by the balanced 


CALCULATIONS 


27-23 Calculate the power dissipated in each individual load in 
the following figures: 


a. 27—20. 
b. 27-21. 
G 2f=22. 
2/-23. 
. 21—24. 
f. 27—25. 


fae 


oO 


Critical Thinking 


27-25 In Fig. 27—20, assume an unbalanced load where 
Z =10 (0° Q,Z, = 24 7-60" O, and% =15 /60° Q. 


loads in the following figures: 
a. 27-20. 
b. 27-21. 
27-22. 
. 27-23. 
. 27-24, 


ap 


oO 


f. 27-25. 


b. The line currents, laa /g,,and lec- 


Co dys 
Solve for the following: d. P 
a. The load currents, l3, lz22, and lz3. OT 
Answers to Self-Reviews 27-1 a. 120° 27-4 a. Zero 
b. 120° b. Line voltage, V.. 
5 c. | = V3, 
27-2 a. 240/210° V v. 
b. V = V3V, d. v= 
27-3 a. 120V 27-5 a. P, = 8.64 kW 
b. |, = V31, b. P, = 2.056 kW 
Laboratory Application Assignment 
Due to the high voltages and dangers associated with three- from one school to the next, no Laboratory Application 
phase AC power, as well as the inconsistency of lab equipment Assignment will be provided for this chapter. 


Design credit Multisim: ©Stockbyte/Getty Images 
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Diodes and Diode 
Applications 


semiconductor is a material that is neither a good conductor nor a good 
Arr In their purest form, semiconductors have few applications in 
electronics. However, when the characteristics of a pure semiconductor are altered 
through a process known as doping, many useful electronic devices can be 
developed. The most basic semiconductor device is the diode, which is a device that 
allows current to pass through it in only one direction. This characteristic of a diode 
has many useful applications in electronics. One of the most useful applications is 
converting an AC voltage into a DC voltage. When used for this purpose, diodes are 
typically referred to as rectifier diodes. 


In this chapter, you will learn about the basic construction and operation of a 


semiconductor diode. You will learn how a diode can be turned on or off by applying 
the proper polarity of voltage across the diode terminals. You will also be introduced 
to half-wave and full-wave rectifiers which use diodes to convert an AC voltage into a 
DC voltage. And finally, you will be introduced to two special-purpose diodes, the 
light-emitting diode (LED) and the zener diode. E 


© Chapter Outline 


28-1 Semiconductor Materials 28-5 Diode Ratings 
28-2 The pn Junction Diode 28-6 Rectifier Circuits 
28-3 Volt-Ampere Characteristic Curve 28-7 Special Diodes 


28-4 Diode Approximations 


J hapter Objectives 


After studying this chapter, you should be able to 


m Explain the process of doping a semiconductor Œ Calculate the output voltage of half-wave and 
to produce both n- and p-type material. full-wave rectifiers. 

Œ Describe the basic construction of a diode. © Explain the effect of a capacitor filter on the 
=m Draw the schematic symbol of a diode and operation of half-wave and full-wave rectifiers. 
identify the anode and cathode terminals. Æ List the characteristics of a light-emitting 

Œ Describe how to forward- and reverse-bias a diode (LED). 
diode. m List the forward- and reverse-bias 
@ Testa diode with an analog VOM or DMM. characteristics of a zener diode. 


Œ Calculate the voltage and current values in a 
loaded zener voltage regulator. 


m Explain the operation of a half-wave and 
full-wave rectifier. 


avalanche electron-hole pair leakage current peak inverse voltage 
barrier potential, Vg extrinsic light-emitting diode (PIV) 

bies semiconductor (LED) pentavalent atom 
breakdown voltage, Veg forward bias majority current reverse bias 

bulk resistance, rg full-wave rectifier ree ae trivalent atom 
covalent bonding half-wave rectifier Oe ey valence electrons 
depletion zone hole zener current, |, 


Sete -t miconductor , 

diode intrinsic BRE : zener diode 
; semiconductor p-type semiconductor 

doping 
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GOOD TO KNOW 


The semiconductor element 
carbon (C) is mainly used in the 


production of resistors. 


Figure 28-1 Atomic structure of a 
silicon atom. (a) Atomic structure of a 
silicon atom showing the nucleus and its 
orbital rings of electrons. (b) Simplified 
drawing of a silicon atom. The core 
includes the nucleus and inner electrons. 


GOOD TO KNOW 


A hole and an electron each 
possess a charge of 0.16 x 10718 C 
but of opposite polarity. 
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28-1 Semiconductor Materials 


Semiconductors conduct less than metal conductors but more than insulators. 
Some common semiconductor materials are silicon (Si), germanium (Ge), and 
carbon (C). Silicon is the most widely used semiconductor material in the elec- 
tronics industry. Almost all diodes, transistors, and ICs manufactured today are 
made from silicon. 

Intrinsic semiconductors are semiconductors in their purest form. An example 
would be a semiconductor crystal with only silicon atoms. Extrinsic semiconduc- 
tors are semiconductors with other atoms mixed in. These other atoms are called 
impurity atoms. The process of adding impurity atoms is called doping. Doping 
alters the characteristics of the semiconductor, mainly its conductivity. The impu- 
rity atoms have either fewer than four valence electrons or more than four valence 
electrons. At room temperature (about 25°C), an intrinsic semiconductor acts more 
like an insulator than a conductor. The conductivity of an extrinsic semiconductor 
is greater than that of an intrinsic semiconductor. The level of conductivity is 
dependent mainly on the number of impurity atoms that have been added during 
the doping process. 


Atomic Structure 


Figure 28-1 shows the atomic structure of a silicon atom. The atomic number of 
silicon is 14, meaning that there are 14 protons in its nucleus, balanced by 14 orbit- 
ing electrons. Notice in Fig. 28—1a that the first shell (K-shell) surrounding the 
nucleus has two electrons, the second shell (L-shell) has eight electrons, and the 
third shell (M-shell) has four electrons. The outermost ring of an atom is called 
the valence ring, and the electrons in this ring are called valence electrons. All 
semiconductors have four valence electrons. The number of valence electrons 
possessed by any atom determines its electrical conductivity. The number of 
valence electrons in an atom also determines how it will combine with other 
atoms. The best conductors have only one valence electron, whereas the best insu- 
lators have complete shells. 

The simplified drawing of a silicon atom is shown in Fig. 28—1b. The core repre- 
sents the nucleus and inner electrons. The outer four electrons represent the valence 
electrons of the silicon atom. As you will see, the nucleus and inner electrons are not 
that important when analyzing how atoms combine with each other; hence the rea- 
son for the simplified drawing. One more point: The Si core has a net charge of +4 
because it contains 14 protons and 10 inner electrons. 


Forming a Crystal 


When silicon atoms are grouped together, something very interesting happens. Each 
silicon atom shares its four valence electrons with other nearby atoms, thereby form- 
ing a solid crystalline structure. Each atom of the six inner silicon atoms in Fig. 
28-2 has eight valence electrons as a result of the electron sharing, which is the 
amount required for maximum electrical stability. Notice in Fig. 28-2 that only the 
core and valence electrons are shown for each atom. 

This sharing of valence electrons is called covalent bonding. The covalent bonds 
between each silicon atom produce the solid crystalline structure. 


Thermally Generated Electron-Hole Pairs 


All valence electrons of a silicon crystal at absolute zero (—273°C) remain locked in 
their respective covalent bonds. This means that no free electrons will be floating 
around in the silicon material. Above absolute zero, however, some valence elec- 
trons may gain enough energy from heat, radiation, or other sources to escape from 
their parent atoms. When an electron leaves its covalent bond, it becomes a free 
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Figure 28-3 Thermal energy produces 
a free electron and a hole. This is often 
called an electron-hole pair. 


Free 
electron 


Figure 28-4 Doping a silicon crystal 
with a pentavalent impurity. Arsenic (As) is 
shown in this illustration, but other 
pentavalent impurities such as antimony 
(Sb) or phosphorous (P) could also be used. 
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Figure 28-2 Bonding diagram of a silicon crystal. 


electron that can move freely in the material. This free electron also produces a 
vacancy or hole in the covalent bond structure that it left. Thermal energy is the 
main cause for the creation of an electron-hole pair, as shown in Fig. 28-3. 

As the temperature increases, more thermally generated electron-hole pairs are 
created. In Fig. 28-3, the hole acts like a positive charge because it attracts a free 
electron passing through the crystal. 

Note that a silicon semiconductor material has fewer thermally generated 
electron-hole pairs than a germanium crystal at the same temperature. This implies 
that a silicon crystal is more stable than a germanium crystal at higher temperatures. 
Its stability is the primary reason that silicon is the number one semiconductor 
material used in manufacturing diodes, transistors, and integrated circuits. 

It is important to note that intrinsic semiconductor materials have only a few 
thermally generated electron-hole pairs at room temperature and therefore are still 
relatively good insulators. 


Doping 


As mentioned earlier, doping is a process that involves adding impurity atoms to 
an intrinsic semiconductor. Intrinsic semiconductors are of limited use in the 
field of electronics. Intrinsic semiconductor materials such as silicon or germa- 
nium are almost always doped with impurity atoms to increase their conductiv- 
ity. An extrinsic semiconductor material, then, is one that has been doped with 
impurity atoms. 


n-Type Semiconductors 


A pentavalent atom is one that has five valence electrons. Some examples are 
antimony (Sb), arsenic (As), and phosphorous (P). A silicon crystal doped with a 
large number of pentavalent impurity atoms results in many free electrons in the 
material. This occurs because there is one electron at the location of each pentava- 
lent atom that is not used in the covalent bond structure. Remember, only eight 
electrons can exist in the outermost ring of any atom. Therefore, one of the valence 
electrons in the pentavalent impurity atom is not needed in the covalent bond 
structure and can float through the material as a free electron. This is illustrated in 
Fig. 28-4. The free electron shown belongs to the arsenic atom, but since the 
covalent bond is already complete with eight valence electrons, the electron is extra, 
or not needed. When millions of pentavalent impurity atoms are added to an intrin- 
sic silicon crystal, there are millions of free electrons that can float through the 
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Figure 28-5 Doping a silicon crystal 
with a trivalent impurity. Aluminum (Al) is 


shown in this illustration, but other 


trivalent impurities such as boron (B) or 


gallium (Ga) could also be used. 


Figure 28-6 pn junction. (a) Basic 


construction of a diode showing the 


separate p and n regions. (b) Schematic 
symbol for a semiconductor diode showing 
the anode (A) and cathode (K) terminals. 
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Anode (A) P | Cathode (K) 


(6) 


material. Since the electron is the basic particle of negative charge, we call this an 
n-type semiconductor material. The net charge of the n-type material is still neu- 
tral, however, since the total number of electrons is equal to the total number of 
protons. An n-type semiconductor also contains a few holes because thermal energy 
still creates a few electron-hole pairs in the crystal. The few valence electrons that 
do absorb enough energy to leave their respective covalent bonds increase further 
the number of free electrons in the material. The vacancies, or holes, created in the 
crystal act like positive charges because if a free electron passes by, it will be 
attracted to the hole and fill it. Since there are many more free electrons than holes 
in an n-type semiconductor material, the electrons are called the majority current 
carriers and the holes are called the minority current carriers. 

There are many positive ions in n-type semiconductor material because when the 
fifth valence electron of the pentavalent atom leaves its home or parent atom, an 
imbalance is created in the number of positive and negative charges that exist for 
that atom. In this case, the nucleus of the impurity atom will contain one more pro- 
ton than its number of orbiting electrons. The positive ions are fixed charges in the 
crystal that are unable to move. 


p-Type Semiconductors 


A trivalent atom is one that has only three valence electrons. Some examples are 
aluminum (Al), boron (B), and gallium (Ga). A silicon crystal doped with a large 
number of trivalent impurity atoms results in many holes, or vacancies, in the cova- 
lent bond structure of the material. This happens because one more valence elec- 
tron is needed at the location of each trivalent atom in the crystal to obtain the 
maximum electrical stability with eight electrons, as shown in Fig. 28-5. When 
millions of trivalent impurities are added to an intrinsic semiconductor material, 
millions of holes are created throughout the material. Since a hole exhibits a posi- 
tive charge, we call this a p-type semiconductor material. The net charge of the 
p-type material is still neutral, however, since the total number of electrons is equal 
to the total number of protons. 

A p-type semiconductor also contains a few free electrons because thermal 
energy still produces a few electron-hole pairs. Electrons are the minority carriers 
in p-type semiconductor material, whereas holes are the majority current carriers. 

A p-type semiconductor material contains many negative ions because free elec- 
trons passing by may fill the holes in the covalent bond structure created by the tri- 
valent impurity atoms. Thus, the trivalent impurity atom will have one more orbiting 
electron than it has protons in its nucleus, thereby creating a negative ion. The nega- 
tive ions are fixed charges and are unable to move in the crystal. 


E 28-1 Self-Review 


Answers at the end of the chapter. 


a. What type of semiconductor material is created when a silicon 
crystal is doped with pentavalent impurity atoms? 

b. What are the minority current carriers in a p-type semiconductor 
material? 

c. Does a hole exhibit a positive, negative, or neutral charge? 


28-2 The p-n Junction Diode 


A popular semiconductor device called a diode is made by joining p- and n-type 
semiconductor materials, as shown in Fig. 28—6a. Notice that the doped regions 
meet to form a p-n junction. Diodes are unidirectional devices that allow current to 
flow through them in only one direction. 
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Figure 28-7 p-n junction. (a) p-n 
junction showing the electrons (—) in 
the n side and holes (O) in the p side. 
(b) Formation of depletion zone with 
positive ions at the left edge of the n 
material and negative ions at the right 
edge of the p material. 


Diodes and Diode Applications 


The schematic symbol for a semiconductor diode is shown in Fig. 28—6b. The 
p side of the diode is called the anode (A), whereas the n side of the diode is called 
the cathode (K). 


Depletion Zone 


Figure 28—7a shows a p-n junction with free electrons on the n side and holes on the 
p side. Notice that the free electrons are represented as dash (—) marks and the holes 
are represented as small circles (O). 

At the instant the p-n junction is formed, free electrons on the n side migrate or 
diffuse across the junction to the p side. Once on the p side, the free electrons are 
minority current carriers. The lifetime of these free electrons is short, however, 
because they fall into holes shortly after crossing over to the p side. The important 
effect here is that when a free electron leaves the n side and falls into a hole on the 
p Side, two ions are created: a positive ion on the n side and a negative ion on the 
p side (see Fig. 28—7b). As the process of diffusion continues, a barrier potential, 
Vp is created and the diffusion of electrons from the n side to the p side stops. 
Electrons diffusing from the n side sense a large negative potential on the p side 
that repels them back to the n side. Likewise, holes from the p side are repelled 
back to the p side by the positive potential on the n side. The area where the posi- 
tive and negative ions are located is called the depletion zone. Other names com- 
monly used are depletion region and depletion layer. The word depletion is used 
because the area has been depleted of all charge carriers. The positive and negative 
ions in the depletion zone are fixed in the crystalline structure and are therefore 
unable to move. 


Barrier Potential, V; 


Ions create a potential difference at the p-n junction, as shown in Fig. 28—7b. This 
potential difference is called the barrier potential and is usually designated V,. For 
silicon, the barrier potential at the p-n junction is approximately 0.7 V. For germa- 
nium, V, is about 0.3 V. The barrier potential cannot be measured externally with a 
voltmeter, but it does exist at the p-n junction. The barrier potential stops the diffu- 
sion of current carriers. 


Forward-Biased p-n Junction 


The term bias is defined as a control voltage or current. Forward-biasing a diode 
allows current to flow easily through the diode. Figure 28—8a illustrates a p-n junc- 
tion that is forward-biased. 

In Fig. 28—8a, notice that the n material is connected to the negative terminal of 
the voltage source, V, and the p material is connected to the positive terminal of the 
voltage source, V. The voltage source, V, must be large enough to overcome the 
internal barrier potential V}. The voltage source repels free electrons in the n side 
across the depletion zone and into the p side. Once on the p side, the free electron 
falls into a hole. The electron will then travel from hole to hole as it is attracted to 
the positive terminal of the voltage source, V. For every free electron entering the 
n side, one electron leaves the p side. Notice in Fig. 28—8a that if the p-n junction is 
made from silicon, the external voltage source must be 0.7 V or more to neutralize 
the effect of the internal barrier potential, V}, and in turn produce current flow. (It 
should be noted that in a practical circuit, a resistance would be added in series with 
the diode to limit the current flow.) 

Figure 28-8) shows the schematic symbol of a diode with the voltage source, V, 
connected to provide forward bias. Notice that forward bias exists when the anode, 
A is positive with respect to the cathode, K. Notice that electrons flow to the n side, 
against the arrow on the diode symbol. The arrow on the diode symbol points in the 
direction of conventional current flow. Either current direction works well when 
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GOOD TO KNOW 


A colored band near one end of a 
diode is used to indicate the 
cathode lead. 
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Figure 28-8 — Forward-biased p-n junction. (a) External voltage forces free electrons from 
the n side across the depletion zone to the p side where the electrons fall into a hole. Once 
on the p side, the electrons jump from hole to hole in the valence band. (b) Electron flow is 
against the arrow, whereas conventional current is in the same direction as the arrow. 
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Electron flow 
Conventional flow 
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analyzing diode circuits. In this book, however, we will use electron flow when 
analyzing circuits containing diodes. 


Reverse-Biased p-n Junction 


Figure 28—9a shows how to reverse-bias a p-n junction. Notice that the negative 
terminal of the voltage source, V, is connected to the p-type semiconductor material 
and that the positive terminal of the voltage source, V, is connected to the n-type 
semiconductor material. The effect is that charge carriers in both sections are pulled 
away from the junction. This increases the width of the depletion zone, as shown. 
Free electrons on the n side are attracted away from the junction because of the 
attraction of the positive terminal of the voltage source, V. Likewise, holes in the 
p side are attracted away from the junction because of the attraction by the negative 
terminal of the voltage source, V. 

Figure 28—9b shows the schematic symbol of a diode with the voltage source, V, 
connected to provide reverse bias. The result of reverse bias is that the diode is in a 
nonconducting state and acts like an open switch, ideally with infinite resistance. 


Leakage Current 


Even a reverse-biased diode conducts a small amount of current, called leakage 
current. The leakage current is mainly due to the minority current carriers in both 
sections of the diode. The minority current carriers are holes in the n side and free 
electrons in the p side. The minority current carriers exist as a result of thermal 
energy producing a few electron-hole pairs. Since temperature determines the num- 
ber of electron-hole pairs generated, leakage current is mainly affected by 
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Figure 28-9  Reverse-biased p-n junction. (a) External voltage pulls majority current 
carriers away from the p-n junction. This widens the depletion zone. (b) Schematic symbol 
showing how a diode is reverse-biased with the external voltage, V. 


n 


temperature. Any increase in the temperature of the diode increases the leakage 
current in the diode. These minority current carriers move in a direction that is 
opposite to the direction provided with forward bias. 


E 28-2 Self-Review 
Answers at the end of the chapter. 


a. What is the barrier potential, V,,, for a silicon diode? 

b. Thep side of a diode is called the (anode/cathode) and the n side is 
called the (anode/cathode). 

c. To forward-bias a diode, the anode must be (positive/negative) with 
respect to its cathode. 

d. A reverse-biased diode acts like a(n) (open/closed) switch. 


28-3 Volt-Ampere Characteristic Curve 


Figure 28-10 is a graph of diode current versus diode voltage for a silicon diode. 
The graph includes the diode current for both forward- and reverse-bias voltages. 
The upper right quadrant of the graph represents the forward-bias condition. 
Notice that very little diode current flows when the forward voltage, Vp, is less 
than about 0.6 V. Beyond 0.6 V of forward bias, however, the diode current 
increases sharply. Notice that the forward voltage drop, Vp, remains relatively 
constant as J, increases. A voltage of 0.7 V is the approximate value assumed for 
the barrier potential of a silicon p-n junction. The barrier potential of germanium 
diodes is approximately 0.3 V. Therefore, if the graph in Fig. 28—10 were for a 


germanium diode, the current would increase sharply for a forward voltage of 
about 0.3 V. 
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GOOD TO KNOW 


For any diode, the forward 
voltage, V-, decreases as the 
temperature of the diode 
increases. As a rough 
approximation, V, decreases by 

2 mV for each degree Celsius rise 


in temperature. 


GOOD TO KNOW 


Exceeding the breakdown voltage 
of a diode does not necessarily 
mean that you will destroy the 
diode. As long as the product of 
reverse voltage and reverse 
current does not exceed the 
diode’s power rating, the diode 


will recover fully. 
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Figure 28-10 Volt-ampere characteristic curve of a silicon diode. 
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The lower left quadrant of the graph in Fig. 28—10 represents the reverse-bias con- 
dition. Notice that only a very small current flows until the breakdown voltage, 
Vp, is reached. The current that flows prior to breakdown is mainly the result of 
thermally produced minority current carriers. As mentioned earlier, this current is 
called leakage current and is usually designated J}. Leakage current increases 
mainly with temperature and is relatively independent of changes in reverse-bias 
voltage. The slight increase in reverse current, J}, with increases in the reverse volt- 
age, V,, is a result of surface leakage current. Surface leakage current exists 
because there are many holes on the edges of a silicon crystal due to unfilled cova- 
lent bonds. These holes provide a path for a few electrons along the surfaces of the 
crystal. 

Avalanche occurs when the reverse-bias voltage, V,, becomes excessive. Ther- 
mally produced free electrons on the p side are accelerated by the voltage source to 
very high speeds as they move through the diode. These electrons collide with 
valence electrons in other orbits. These valence electrons are also set free and accel- 
erated to very high speeds, thereby dislodging even more valence electrons. The 
process is cumulative; hence, we have an avalanche effect. 

When the breakdown voltage, Vpr, is reached, the reverse current, J}, increases 
sharply. Diodes should not be operated in the breakdown region. Most rectifier 
diodes have breakdown voltages exceeding 50 V. 


DC Resistance of a Diode 


Examine the forward-bias region of the graph shown in Fig. 28-10. 

The graph of V, versus J,, shows that a diode is a nonlinear device because the 
diode current, Jp, does not increase in direct proportion to the diode voltage, Vp. 
For example, the diode voltage does not have to be doubled to double the diode 
current. The DC resistance of a forward-biased diode can be calculated using 
Formula (28-1). 


Ree (28-1) 


where V,, is the forward voltage drop and 7, is the forward current. 
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GOOD TO KNOW 


On the diode range, a DMM will 
supply a constant current to 
whatever device is connected to 
its leads. Most DMMs supply 1 
mA of current on the diode 
range. Try connecting a 470-Q, 
1-kQ, or 1.5-kQ resistor across 
the leads of a DMM set to the 
diode range, and you will see that 
the meter will indicate the 


resistor voltage drop. For a 1-kQ 


R, the voltage will read about 1 V. 


For a diode, the forward voltage 
will measure somewhere between 


0.6 and 0.7 V. 
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Example 28-1 


For the diode curve in Fig. 28-10, calculate the DC resistance, Rp, at points A 
and B. 


ANSWER Using Formula (28-1), the calculations are 


V, 
Point A: R; = T 
F 


Point B: R, = 2 
F 


__07V 
22.5mA 
=31.10 


Notice that as the diode conducts more heavily, the forward resistance, Rp, 
decreases. 


Using an Ohmmeter to Check a Diode 


The condition of a semiconductor diode can be determined with an ohmmeter. 
When using an analog meter, check the resistance of the diode in one direction; then 
reverse the meter leads and measure the resistance of the diode in the other direction. 
If the diode is good, it should measure a very high resistance in one direction and a 
low resistance in the other direction. For a silicon diode, the ratio of reverse resis- 
tance, R,, to forward resistance, Rp, should be very large, such as 1000:1 or more. 

If the diode is shorted, it will measure a low resistance in both directions. If the 
diode is open, it will measure a high resistance in both directions. 

A word of caution. When using analog ohmmeters to check a diode, do not use 
the R x 1 range because the current forced through the diode by the meter may 
exceed the current rating of the diode. The R x 100 range is usually the best range 
on which to check a diode. 


Using a DMM to Check a Diode 


Most digital multimeters (DMMs) cannot be used to measure the forward or reverse 
resistance of a diode junction. This is because the ohmmeter ranges in most digital 
multimeters do not provide the proper forward bias to turn on the diode being tested. 
Therefore, the resistance ranges on a DMM are often referred to as low power ohm 
(LPQ) ranges. 

Most digital multimeters provide a special range for testing diodes. This range is 
called the diode (+) range. This is the only range setting on the DMM that can 
provide the proper amount of forward bias for the diode being tested. It is important 
to note that when the digital multimeter forward-biases the diode being tested, the 
digital display will indicate the forward voltage dropped across the diode rather than 
the forward resistance, Rẹ. A good silicon diode tested with a DMM should show a 
voltage between 0.6 and 0.7 V for one connection of the meter leads and an over- 
range condition for the opposite connection of the leads. An open diode will show 
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an overrange condition for both connections of the meter leads, whereas a shorted 
diode will show a very low or zero reading for both connections of the meter leads. 


E 28-3 Self-Review 


Answers at the end of the chapter. 


a. The leakage current in a reverse-biased diode is mainly due to the 
(majority/minority) current carriers in both sections of the diode. 

b. What is the DC resistance of a diode if the forward current, Ip, is 
30 mA when the forward voltage, V,, is 0.66 V? 

c. When checking a diode with an analog ohmmeter, is the diode good 
or bad if the ohmmeter reads a high resistance for both connections 
of the meter leads? 


28-4 Diode Approximations 


Three different diode approximations can be used when analyzing diode circuits. 
The one used depends on the desired accuracy of your circuit calculations. 


First Approximation 


The first approximation treats a forward-biased diode like a closed switch with a 
voltage drop of zero volts, as shown in Fig. 28-1 1a. Likewise, the first approxima- 
tion treats a reverse-biased diode like an open switch with zero current, as shown in 
Fig. 28—11b. The graph in Fig. 28—1 1c indicates the ideal forward- and reverse-bias 
characteristics. 

The first approximation of a diode is often used if only a rough idea is needed of 
what the circuit voltages and currents should be. 

The first approximation is sometimes called the ideal diode approximation. 


Second Approximation 


The second approximation treats a forward-biased diode like an ideal diode in series 
with a battery, as shown in Fig. 28—12a. For silicon diodes, the battery voltage is 
assumed to be 0.7 V, the same as the barrier potential, V,, at a silicon p-n junction. 
The second approximation of a reverse-biased diode is an open switch. 
See Fig. 28—12b. 
The graph in Fig. 28—12c indicates the forward- and reverse-bias characteristics 
of the second approximation. Notice that the diode is considered off until the 


Figure 28-11 First approximation of a diode. (a) Forward-biased diode treated like a 
closed switch. (b) Reverse-biased diode treated like an open switch. (c) Graph showing ideal 
forward and reverse characteristics. 
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Figure 28-12 Second approximation of a diode. (a) Forward-biased diode 
treated like an ideal diode in series with a battery. (b) Reverse-biased diode treated like an 
open switch. (c) Graph showing forward and reverse characteristics. 
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forward voltage, V,, reaches 0.7 V. Also, the diode is assumed to drop 0.7 V for all 
currents that pass through it. 

The second approximation is used if more accurate answers are needed for cir- 
cuit calculations. 


Third Approximation 


The third approximation of a diode includes the bulk resistance, designated r}. The 
bulk resistance, r,, is the resistance of the p and n materials. Its value is dependent 
on the doping level and the size of the p and n materials. 

The third approximation of a forward-biased diode is shown in Fig. 28—13a. The 
total diode voltage drop using the third approximation is calculated using 
Formula (28-2). 


Vi = Vg + ers (28-2) 


The bulk resistance, rą, causes the forward voltage across a diode to increase 
slightly with increases in the diode current. 

Figure 28-13b shows the third approximation of a reverse-biased diode. The 
resistance across the open switch illustrates the high leakage resistance for the 
reverse-bias condition. Notice the small leakage current in the graph of Fig. 28—13c 
when the diode is reverse-biased. This is a result of the high resistance that exists 
when the diode is reverse-biased. 


Figure 28-13 Third approximation of a diode. (a) Forward-biased diode including the barrier 
potential, Vz, and the bulk resistance, rg. (b) Reverse-biased diode showing high resistance (not 
infinite) of the reverse-bias condition. (c) Graph showing forward and reverse characteristics. 
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More on Bulk Resistance 


The graph in Fig. 28-13c shows the forward- and reverse-bias characteristics 
included with the third approximation. Notice the slope of the diode curve when 
forward-biased. The value of the bulk resistance, rẹ, can be determined by using 
Formula (28-3). 


_ AV 


=4t (28-3) 


rs 


where AV represents the change in diode voltage produced by the changes in diode 
current, AJ. 


Example 28-2 


A silicon diode has a forward voltage drop of 1.1 V for a forward diode current, 
Iş, of 1 A. Calculate the bulk resistance, rp. 


ANSWER First, we can assume that the diode current, Jp, is zero when the 
forward voltage of the silicon diode is exactly 0.7 V. Then we can use Formula 
(28-3) as shown: 


A 
_11V-07V 
TA-0A 
=0.42 


Figure 28-14 Circuits used to illustrate the use of the first, second, and third diode 
approximations in calculating the circuits’ voltage and current values. (a) Original circuit. 
(b) First approximation of a diode. (c) Second approximation of a diode. (d) Third 
approximation of a diode. 
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Example 28-3 


In Fig. 28—14a, solve for the load voltage and current using the first, second, 
and third diode approximations. 


ANSWER First approximation: see Fig. 28-14b 


Vi = Va = 10 Voc 


_10V 
100 Q 


= 100 mA 
Second approximation: see Fig. 28—14c 


Vi = Va — Vs 
=10V -0.7 V 
=9.3 V 


_93V 
100 Q 


=93 mA 
Third approximation: see Fig. 28—14d. 
_ Vin 7 Vs 
~ R+ 
_ 10V-0.7V 
100 Q + 2.5 Q 
= 90.73 mA 
V=fxR, 
= 90.73 mA x 100 Q 
= 9.07 V 


L 


E 28-4 Self-Review 


Answers at the end of the chapter. 


Which diode approximation includes the bulk resistance, rg, when 
forward-biased? 

Which diode approximation treats a forward-biased diode like a 
closed switch with a voltage drop of 0 V? 

When forward-biased, which diode approximation takes into account 
the barrier potential of the diode but not the bulk resistance? 


28-5 Diode Ratings 


The following is a list of maximum ratings and electrical characteristics of semicon- 
ductor diodes. 


897 


GOOD TO KNOW 


The part number for a diode will 
always begin with the prefix 1N, 
where the number 1 indicates one 
junction and the letter N 
indicates that the device is a 


semiconductor diode. 
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Breakdown Voltage Rating, V,, 


The reverse breakdown voltage rating is extremely important since the diode is usu- 
ally destroyed if this rating is exceeded. The breakdown voltage, Vp,, is the voltage 
at which avalanche occurs. 

This rating can be designated by any of the following: peak inverse voltage 
(PIV); peak reverse voltage (PRV); breakdown voltage rating (V,,); or peak reverse 
voltage maximum (Vkrm). There are other ways to designate the breakdown voltage 
rating, however; those most commonly used are listed here. Breakdown voltage rat- 
ings are maximum ratings and should never be exceeded. 


Average Forward-Current Rating, lo 


This important rating indicates the maximum allowable average current that the 
diode can handle safely. The average forward-current rating is usually designated as 
Io. Exceeding the diode’s J, rating will destroy the diode. 


Maximum Forward-Surge Current Rating, /,<,, 


The maximum forward-surge current (psm) rating is the maximum instantaneous 
current the diode can handle safely from a single pulse. Diodes are often connected 
to large electrolytic capacitors in power supplies, as shown in the next section. 
When power is first applied, the initial charge current for the capacitor can be very 
high. Exceeding the /,.,, rating will destroy the diode. 


Maximum Reverse Current, |, 


Almost all data sheets list at least one value of reverse current, Jg, for a specified 
amount of reverse-bias voltage. For example, the data sheet of a 1N4002 silicon 
diode specifies a typical /, of 0.05 uA for a diode junction temperature, T}, of 25°C 
and a reverse voltage, V,, of 100 V. With these data, the reverse resistance, R}, of the 
diode can be calculated: 


_ 100V 
0.05 uA 
=2x10°Q or 2GQ 


It should be emphasized that the maximum ratings of a diode should never be 
exceeded under any circumstances. If any maximum ratings are exceeded, there is a 
good chance the diode will fail and need to be replaced. 


E 28-5 Self-Review 


Answers at the end of the chapter. 


a. Which diode rating, if exceeded, causes the avalanche effect? 
b. The maximum instantaneous current that a diode can safely 
handle from a single pulse is designated /,. (True/False) 


28-6 Rectifier Circuits 


Most electronic equipment requires DC voltages to operate properly. Since 
most equipment is connected to the 120-V,.. power line, this AC voltage must 
somehow be converted to the required DC value. A circuit that converts the 
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GOOD TO KNOW 


The rms value of a half-wave signal 
can be determined using the 
following formula: V,,,. = 1.57 V 
where V = Voc = 0.318 V,- 


Another formula that works is 


avg? 


V 
Vo = F For any waveform, the 


rms value corresponds to the 
equivalent DC value that will 


produce the same heating effect. 
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AC power-line voltage to the required DC value is called a power supply. The 
most important components in power supplies are rectifier diodes, which 
convert AC line voltage to DC voltage. Diodes are able to produce a DC out- 
put voltage because they are unidirectional devices allowing current to flow 
through them in only one direction. For the circuits that follow, assume that 
all diodes are silicon. 


The Half-Wave Rectifier 


The circuit shown in Fig. 28-15a is called a half-wave rectifier. T, is a step-down 
transformer, which provides the secondary voltage, V;, as shown in Fig. 28-15. 
When the top of the transformer secondary voltage is positive, D, is forward-biased, 
producing current flow in the load, R,. When the top of the secondary is negative, 
D, is reverse-biased and acts like an open switch. This results in zero current in the 
load, R,. As a result of this action, the output voltage is a series of positive pulses, 
as shown in Fig. 28-15c. 


Figure 28-15 Half-wave rectifier. (a) Circuit. (b) Secondary voltage, V. (c) Output 
waveform, V 
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Transformer Calculations 


The transformer in Fig. 28—15a has a turns ratio, Np: Nz, of 4:1. Therefore, the root- 
mean-square (rms) secondary voltage is calculated as shown: 


V, = N, x Vp 
= 1 x 120 Vie 
= 30 Vac 
This means that if the secondary voltage is measured with an AC meter, it would 
read 30 Vic. 
To calculate the peak secondary voltage, we proceed as shown: 
Vso = Vs X 1.414 
=30V x 1.414 
= 42.42 V 


The peak-to-peak value of the secondary voltage equals 2 X Vso or 
2 X 42.42 V = 84.84 V „p The values for the AC secondary voltage are shown 
in Fig. 28-15b. 


Analyzing Circuit Operation 


The output waveform for the half-wave rectifier of Fig. 28-15a is shown in 
Fig. 28—15c. Anytime the secondary voltage in Fig. 28—15b is positive, D, conducts 
and produces current flow in the load, R,. Notice again that the output is a series of 
positive pulses. Notice also that when the secondary voltage in Fig. 28—15b is nega- 
tive, the output voltage is zero. 

Using the first approximation of a diode in Fig. 28-15a, the peak output voltage 
across R, equals 42.42 V. Using the second approximation, the peak output voltage 
is 0.7 V less than the peak secondary voltage, which is 42.42 V — 0.7 V = 41.72 V. 

The average or DC voltage at the output in Fig. 28—15c can be found using For- 
mula (28-4) shown here: 


Voc = 0.318 X Vuyo (28-4) 


where V wgw 1S the peak value of the load voltage. 
Using the second approximation of a diode, the DC output voltage in Fig. 28-15 
is calculated as shown: 


Voc = 0.318 x 41.72 V 
= 13.27 V 
This is the value of DC voltage that would be measured if a DC voltmeter 
were placed across the load, R,. Notice also that this average value is depicted 


in Fig. 28-15c. 
The DC load current is calculated as follows: 
= Voc 
A = R 
— 13.27 V 
100 Q 
= 132.7 mA 
For a half-wave rectifier, the DC load current and DC diode current are the same. 


This is expressed in Formula (28-5): 
Lio = loo (28-5) 


In Fig. 28-15, the DC current carried by the diode equals the load current, [,, 
which is 132.7 mA. 
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Figure 28-16 Half-wave rectifier circuit showing D, reverse-biased during negative 
alternation of secondary voltage. D, must withstand the peak secondary voltage Vai) of 42.42 V. 


Va, = Vg = 42.42 V 


120 Vac Veruy = 42.42 V 


=100 Q 
60 Hz ha - 


Frequency of the Output Waveform 


By definition, a cycle includes the variations between two successive points having 
the same value and varying in the same direction. Since the frequency of the AC 
power line is 60 Hz, the period for one cycle is 16.67 ms, calculated as 1/f, where f 
= 60 Hz. The period for one cycle of secondary voltage is shown in Fig. 28-15b. 
Notice directly below in Fig. 28-15c that one cycle of output voltage also repeats 
every 16.67 ms. Therefore, the frequency of the output waveform in a half-wave 
rectifier equals the input frequency applied to the rectifier. Expressed as a formula, 


Son =n (28-6) 
In Fig. 28-15, f = f, = 60 Hz. 


PIV 


During the negative alternation of secondary voltage, the diode D, is off because it 
is reverse-biased. The equivalent circuit for this condition is shown in Fig. 28-16. 
When zero current flows during the negative alternation of secondary voltage, the 
output voltage is zero. 

Notice that the secondary of T, is in series with D, and R,. Remember from basic 
circuit theory that the voltage across an open in a simple series circuit equals the 
input voltage, which in this case is the transformer secondary voltage. 

As shown in Fig. 28-16, D, must be able to withstand the peak value of second- 
ary voltage, which is 42.42 V. The peak inverse voltage (PIV) rating of D, must be 
greater than the peak value of secondary voltage or the diode will break down and 
become damaged. For any unfiltered half-wave rectifier, the PIV for the diode 
always equals the peak value of the full secondary voltage. 


Example 28-4 


If the turns ratio N,: N, = 3:1 in Fig. 28-15a, calculate the following: Vs, Vic. 
L Lios» PIV for D,, and fue 


ANSWER We begin by calculating the secondary voltage, V,: 
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Next we calculate the peak value of the secondary voltage: 


Vey = Vs X 1.414 
=40V,. x 1.414 
= 56.56 V 


Using the second approximation of a diode, the peak output voltage will be 
0.7 V less than 56.56 V, which is 55.86 V. 
To calculate the DC output voltage, we use Formula (28-4): 


= 0.318 X Vuyo 


= 0.318 x 55.86 V 
= 17.76 V 


The DC load current equals 


The DC diode current is calculated using Formula (28-5): 


Liiode = I. 


= 177.6 mA 


Finally, the PIV for D1 equals the peak secondary voltage, which is 56.56 V. 
Also, the frequency of the output waveform equals 60 Hz. 

Note that if it is desirable to obtain a negative output voltage in Fig. 28-15a, 
the diode, D,, must be reversed. 


The Full-Wave Rectifier 


The circuit shown in Fig. 28-17a is called a full-wave rectifier. T, is a step-down 
transformer, which provides the secondary voltage as shown in Fig. 28—17b and c. 
When the top of the secondary is positive, D, is forward-biased, causing current to 
flow in the load, R,. During this polarity of secondary voltage, D, is off because it 
is reverse-biased. 

When the top of the secondary is negative, D, is forward-biased, causing current 
to flow in the load, R,. During this polarity of secondary voltage, D, is off because 
it is reverse-biased. It is important to note that the direction of current through R, is 
the same for both half-cycles of secondary voltage. 


Transformer Calculations 


The transformer used for the half-wave rectifier in Fig. 28—15 is again used for the 
full-wave rectifier in Fig. 28—17a. Notice, however, that for the full-wave rectifier 
shown in Fig. 28—17a, the transformer secondary is center-tapped. 

In Fig. 28—17a each half of the secondary has a voltage of 15 V,., which is 


one-half the total secondary voltage, Vs, of 30 V,.. The voltage for the top half 
of the secondary is designated V,, whereas the voltage for the bottom half of the 


secondary is designated V,. The secondary voltages V, and V, are shown in 
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GOOD TO KNOW 


The rms value of a full-wave signal 
is V,ms = 0.707 V, which is the 


same as V,„„,. for a full sine wave. 


rms 
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Figure 28-17 — Full-wave rectifier with center tap in the transformer secondary. (a) Circuit. 
(b) Top half of secondary voltage, V. (c) Bottom half of secondary voltage, V,. (d) Output 
voltage produced when D, conducts. (e) Output voltage produced when D, conducts. 

(f) Combined output voltage produced by D, and D, conducting during opposite alternations of 
secondary voltage. 
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Fig. 28-17b and c, respectively. To calculate the peak voltage for V, and V,, 
proceed as follows: 
V, 
View = Vov = 1-414 x F 
= 1.414 x 15 Vic 
= 21.21 V 


Notice in Fig. 28-17b and c that V, are V, are 180° out of phase. V, reaches its 
positive peak at the same time V, reaches its negative peak. Likewise, V, reaches its 
positive peak at the same time V,, reaches its negative peak. 


Analyzing Circuit Operation 


Look at the waveforms shown in Fig. 28—17. Whenever the secondary voltage, V, 
(shown in Fig. 28—17b), is positive, D, conducts and provides the output waveform 
in Fig. 28-17d. Likewise, whenever the secondary voltage, V, (shown in 
Fig. 28-17c), becomes positive, D, conducts and provides the output waveform in 
Fig. 28-17e. Notice that D, and D, conduct on opposite half-cycles of the secondary 
voltage, V;. When V, is positive, D, is off. Likewise, when V, is positive, D, is off. 
Each diode provides a half-wave rectified waveform for the load, R,. The combined 
effects of D, and D, are shown in Fig. 28—17f. 

The average or DC voltage at the output of an unfiltered full-wave rectifier can 
be calculated using Formula (28-7): 


Vpe = 0.636 X Veco (28-7) 


Using the second approximation of a diode, the peak load voltage across R, = 
21.21 V — 0.7 V = 20.51 V. The DC output voltage in Fig. 28—-17f is calculated as 
follows: 


Ve = 0.636 X Vorcor 


= 0.636 x 20.51 V 
= 13.04 V 


This is the value that would be measured if a DC voltmeter were placed across 
the load resistor, R,. 
The DC load current is calculated as follows: 


Voc 

R, 

_ 13.04 V 
100 Q 

= 130.4mA 


i= 


For a full-wave rectifier, the DC current carried by each diode equals one-half 
the DC load current. This is clearly expressed in Formula (28-8): 


I 
iode = 7 (28-8) 


For Fig. 28—17a, each diode has a DC current calculated as follows: 


I 
Liiode = F 


— 130.4 mA 
2 
= 65.2 mA 


The fact that the DC diode current is one-half the DC load current is best explained 
by examining the waveforms in Fig. 28-17d and e. If the peak value of output voltage is 
20.51V for each waveform, the peak load current at this instant is 205.1 mA, calculated 
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as 20.51 V/100 Q. Since the waveforms in Fig. 28—17d and e are each half-wave rectified 
waveforms, the average DC current passed by each diode is calculated as follows: 


Ipe = 9.318 X Lugo 


= 0.318 x 205.1 mA 
= 65.2 mA 


This proves that each diode in a full-wave rectifier passes only half of the DC 
load current. Again, this is because each diode supplies its own half-wave rectified 
waveform to the load, R,. 


Frequency of the Output Waveform 


Figure 28-17b shows that one cycle of secondary voltage has a period, T, of 
16.67 ms, which equals 1/f where f = 60 Hz. Now look at the output waveform in 
Fig. 28-17f. Notice that one cycle is completed every 8.33 ms. Therefore, the fre- 
quency of the output waveform equals: 


=i 
Sou = F 


ae RS 
8.33 ms 
= 120 Hz 


Therefore, for a full-wave rectifier, the following formula is true: 
Son = fi (28-9) 


We must remember that the definition of a cycle states that it includes the variations 
between two successive points having the same value and varying in the same direction. 


PIV 


Figure 28—18 shows the diodes D, and D, represented using the second approxima- 
tion. The circuit shows the voltages at the instant the top of the secondary reaches its 
positive peak of 42.42 V. To calculate the peak inverse voltage to which D, will be 
subjected, we use Kirchhoff’s voltage law. 

Starting at the anode (A) terminal of D, and going clockwise back to the cathode 
terminal, 


Vax = -Vse + Vs 
= —42.42 V + 0.7 V 
= —41.72 V 


Notice that this value is 0.7 V less than the peak value of the full secondary voltage. 
Figure 28-18 Full-wave rectifier circuit showing D, reverse-biased during positive 


alternation of secondary voltage. Both diodes D, and D, must withstand a peak inverse 
voltage that is 0.7 V less than the peak value of the full secondary voltage. 


V5 (pk 


y= 42.42 V 


R= 1002 
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The same analogy can also be used to find the peak inverse voltage across the 
diode D, for the opposite polarity of the secondary voltage. Incidentally, the PIV for 
D, also equals —41.72 V. For any full-wave rectifier using a center-tapped trans- 
former, the PIV for each diode will be 0.7 V less than the peak value of the full 
secondary voltage. 


Example 28-5 


If the turns ratio N,:N, = 3:1 in Fig. 28—17a, calculate the following: Vbo, i, 
Lios» PIV for D,, and fue 


ANSWER Begin by calculating the total secondary voltage, V: 


N. 
V, = N, x Vp 
=F 120 Vac 
= 40 Va. 
Next, we must realize that because of the secondary center tap, V, = V, = 
u = 20 V,.. To calculate the peak value for V, and V,, we proceed as follows: 
V, 
Vigo = Vov = 1.414 x F 
= 1.414 x 20 Vac 
= 28.28 V 


Using the second approximation of a diode, the peak output voltage will be 
0.7 V less than 28.28 V, which is 27.58 V. 
To calculate the DC output voltage, we use Formula (28-7): 


Voc = 0.636 x Vout(pk) 
= 0.636 x 27.58 V 
= 17.54 V 


The DC load current equals 


The DC diode current is calculated using Formula (28-8): 


h 
Tiiode = G) 


— 175.4 mA 
2 
= 87.7 mA 
The PIV for D, and D, equals 55.86 V, which is 0.7 V less than the peak 
value of the full secondary voltage. The frequency of the output waveform is 
120 Hz, the same as before. 


If it is desirable to obtain a negative output voltage in Fig. 28—-17a, the 
diodes D, and D, must be reversed. 
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GOOD TO KNOW 


When a bridge rectifier, as 
opposed to a two-diode full-wave 
rectifier, is used, the same DC 
output voltage can be obtained 
with a transformer having a 
higher turns ratio, N,:N.. This 
means that with a bridge rectifier, 
fewer turns of wire are needed in 
the secondary of the transformer. 
Therefore, the transformer used 
with a bridge rectifier will be 
smaller, lighter, and will probably 
cost less. These benefits alone 
outweigh using four diodes 
instead of two in a conventional 


two-diode full-wave rectifier. 
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The Full-Wave Bridge Rectifier 


The circuit shown in Fig. 28-19a is called a full-wave bridge rectifier. T, is a step- 
down transformer, which provides the secondary voltage shown in Fig. 28—19b. 
When the top of the secondary is positive, diodes D, and D, are forward-biased. 
This produces current flow in the load, R,. For this polarity of secondary voltage, D, 
and D, are reverse-biased and do not conduct. 

When the top of the secondary is negative, D, and D, are forward-biased, produc- 
ing current flow in the load R,. For this polarity of secondary voltage, D, and D, are 
reverse-biased and do not conduct. It is important to note that the direction of cur- 
rent through R, is the same for both half-cycles of the secondary voltage. For the 
diode connections shown, the output voltage is positive. 


Transformer Calculations 


The transformer used for the half-wave rectifier in Fig. 28—15a is again used for the 
full-wave bridge rectifier in Fig. 23—-19a. Remember that the rms value of secondary 
voltage was 30 V,c for the turns ratio N,:N, = 4:1. Likewise, the peak value of the 
secondary voltage is 42.42 V. 


Analyzing Circuit Operation 


Look at the waveforms in Fig. 28—19b through e. When the secondary voltage, V., 
in Fig. 28-19b is positive, diodes D, and D, conduct, thus creating the output 
waveform shown in Fig. 28—19c. Likewise, when the top of the secondary is nega- 
tive, diodes D, and D, conduct, giving the output waveform shown in Fig. 28—19d. 
Notice that the diode pairs D,-D, and D,-D, conduct on opposite half-cycles of the 
secondary voltage. The combined effects of D,-D,; and D,-D, are shown in 
Fig. 28-19e. Each diode pair provides a half-wave rectified waveform for the 
load, R,. 

Using the second approximation of a diode, the peak load voltage across R, equals 
42.42 V — 1.4 V = 41.02 V. Notice that two diode voltage drops are subtracted from 
the peak secondary voltage. This is explained by the fact that when the diode pairs 
conduct, they are in series with the transformer secondary and the load, R,. 

The DC voltage at the output of an unfiltered full-wave bridge rectifier can be 
determined by using Formula (28-7). The calculations are 


Voc = 0.636 x Vout 
= 0.636 x 41.02 V 
= 26.09 V 


The DC load current is calculated as follows: 
— Voc 
R 


_ 26.09 V 
1002 


= 260.9 mA 


L 


The DC diode current is calculated using Formula (28-8): 


ii, 
Teiode = p 


_ 260.9 mA 
2 


= 130.4 mA 


The DC diode current is one-half the DC load current because each diode pair 
in the bridge rectifier supplies a half-wave rectified waveform to the load, R,. 
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Figure 28-19 Full-wave bridge rectifier. (a) Circuit. (b) Secondary voltage, Vs. 
(©) Output voltage produced when diodes D> and D3 conduct. (d) Output voltage produced 
when diodes D; and D; conduct. (e) Combined output voltage. 
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Figure 28-20 — Full-wave bridge rectifier showing diodes D, and D; reverse-biased during 
positive alternation of secondary voltage. Each diode in the bridge must withstand a peak 
inverse voltage that is 0.7 V less than the peak value of the full secondary voltage. 


R =100Q 


Frequency of the Output Waveform 


Since the bridge rectifier in Fig. 28—19a provides a full-wave output, the frequency 
of the output waveform is found using Formula (28-9): 


Sou = 2fi 
= 2 x 60 Hz 
= 120 Hz 


PIV 


Figure 28—20 shows the equivalent circuit of the bridge rectifier at the instant the 
secondary voltage reaches its maximum positive peak. Notice that diodes D, and D, 
are forward-biased and are replaced with their second approximation equivalent 
circuit. Notice also, that for this polarity of secondary voltage, diodes D, and D, are 
reverse-biased and are represented as open switches. 

To calculate the peak inverse voltage (PIV) to which D, and D, will be subjected, 
use Kirchhoff’s voltage law. For D,, start at the anode (A) terminal and go clockwise 
around the loop back to its cathode (K) terminal. This gives 


Vax(D) = Vs = Vopr) 
= 0.7 V — 42.42 V 
= —41.72 V 


For D,, start at its anode (A) terminal and go clockwise around the loop back to 
its cathode (K) terminal: 


Vax(Dy) = — Vs% + Vg 
= —42.42 V + 0.7 V 
= —41.72 V 


Note that the PIV for each diode in a bridge rectifier will always be 0.7 V less 
than the peak value of the full secondary voltage. 


Example 28-6 


If the turns ratio Np: N, = 3:1 in Fig. 28—19a, calculate the following: Vp. i, 
Lica» PIV for each diode, and fue 
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ANSWER We already know from the previous examples that the secondary 
voltage equals 40 V,.. when the transformer turns ratio Np: N, = 3:1. Also, the 
peak secondary voltage equals 56.56 V. Subtracting two diode voltage drops 
gives us a peak load voltage of 56.56 V — 1.4 V = 55.16 V. To calculate the DC 
load voltage, use Formula (28-7): 


Voc == 0.636 x Vouk) 
= 0.636 x 55.16 V 
= 35.08 V 


To calculate the DC load current, J, , proceed as follows: 
= Vine 
R 


_ 35.08 V 
100 Q 


= 350.8 mA 


The DC diode current is one-half the DC load current. This is calculated 
using Formula (28-8): 


L 


[ 
Teioge = 5 


_ 350.8 mA 
2 


= 175.4 mA 


The PIV for each diode equals 56.56 V — 0.7 V = 55.86 V. Also, the 
frequency of the output waveform equals 120 Hz. 

If it is desirable to obtain a negative output voltage in Fig. 28-19a, the 
diodes D,, D,, D}, and D, must be reversed. 


Capacitor Input Filter 


The unfiltered output from a half-wave or full-wave rectifier is a pulsating DC 
voltage. For most applications, this DC voltage must be smoothed or filtered to be 
useful. One way to smooth out the pulsations in DC voltage is to connect a capaci- 
tor at the output of the rectifier. Figure 28—21a shows a half-wave rectifier with its 
output filtered by the capacitor, C. The filter capacitors used in this application are 
electrolytic capacitors with values typically larger than 100 uF. 


Half-Wave Rectifier Filtering 


When the top of the secondary goes positive initially in Fig. 28—21a, the diode, D,, 
conducts and the capacitor, C, charges. Notice the time before f, in 
Fig. 28—21b. During this time, the capacitor voltage follows the positive-going sec- 
ondary voltage. At time f,, the voltage across C reaches its peak positive value. 

Since Np: N; = 8:1, Vs = x 120 Vac = 15 Vac. To calculate the peak voltage to 
which C charges, we must first calculate the peak secondary voltage. 


Vs% = Vs x 1.414 
= 15 V,.x 1.414 
=21.21V 


Subtracting 0.7 V for the voltage drop across D, gives us a peak capacitor voltage 
of 20.51 V. This is the DC output voltage under ideal conditions. 
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Figure 28-21 — Half-wave rectifier with capacitor input filter. (a) Circuit. (6) Output ripple 
voltage. 
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(b) 


When the secondary voltage drops below its peak value of 21.21 V, D, is reverse- 
biased and the capacitor begins discharging through R,. The discharge interval is 
between times t and f, in Fig. 28-210. At time ¢,, the diode is once again forward- 
biased by the positive-going secondary voltage. This allows the capacitor to recharge 
to the peak value of 20.51 V at time t,. Notice that the capacitor is charging only for 
the short time interval between ż, and ¢,. As a rough approximation, the capacitor is 
allowed to discharge for 16.67 ms in a half-wave rectifier, which is the period for 
one cycle of the input frequency of 60 Hz. The waveform of voltage in Fig. 28—21b 
is called the ripple voltage, designated V;ippie 

To calculate the peak-to-peak ripple voltage in Fig. 28-2la, we 
use Formula (28-10): 


Vyipple = V out(pk) ( 1 = ekc) (28-10) 


where ¢ = discharge time for the filter capacitance, C and R,C = filtering time 
constant. 
Inserting the values from Fig. 28-21 gives 


Viippe = 20.51 VC — e9) 
= 20.51 V(1 — 0.846) 
= 20.51 V x 0.154 
= 3.15 V 


Note that this peak-to-peak ripple voltage is undesirable. Ideally, we should have 
a steady DC voltage at the output equal to the peak value of 20.51 V. One way to 
reduce the ripple voltage is to increase the value of the filter capacitance, C. 

A more accurate calculation for the DC voltage in Fig. 28—21 includes the ripple 


voltage, Vipp This is shown in Formula (28-11): 
Vi le 
Voc = Vougo — 5 (28-11) 
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In Fig. 28-21, Vpc is calculated as shown: 


Voc = 20.51 V a 
= 20.51 V — 1.575 V 
= 18.93 V 


This is the approximate value that would be indicated by a DC voltmeter con- 
nected across the output. 


Full-Wave Rectifier Filtering 


Figure 28—22a shows a full-wave rectifier with its output filtered by the capacitor, 
C. When the top of the secondary is positive, D, conducts and charges C to the peak 
value of 20.51 V, equal to Vigi — 0.7 V. When the bottom of the secondary is posi- 
tive with respect to ground, D, conducts and recharges C to the peak value of 
20.51 V. This is the DC output voltage under ideal conditions. 

The difference between the half-wave rectifier in Fig. 28—21a and the full-wave 
rectifier in Fig. 28—22a is that C is charged twice as often in the full-wave rectifier. 
This also means that C has less time to discharge in the full-wave rectifier. In 
Fig. 28—22b, we see that the period for one cycle equals 8.33 ms. 

The ripple voltage at the output of the full-wave rectifier in Fig. 28—22a can also 
be calculated using Formula (28—10). The calculations are 


aL 
Viipple = V out(pk) ( 1- ek) 


= 20.51 V (1 — 0.92) 
= 20.51 V x 0.08 
=1.64V,» 


where t = 8.33 ms in the full-wave rectifier. Notice that the peak-to-peak ripple 
voltage is about one-half the value calculated earlier for the half-wave rectifier. 


Figure 28-22 — Full-wave rectifier with capacitor input filter. (a) Circuit. (b) Output ripple 
voltage. 


120 Vac 
60 Hz 


V2 = 15 Vac R = 100 Q 


Time, t 
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To get an accurate calculation of the DC voltage at the output, 
use Formula (28-11): 


Vii le 
Voc = Vouti) = > 
= 20.51 V — 0.82 V 


= 19.69 V 


Effect of Increasing the Load Current 


If R, is reduced in either Fig. 28-21 or 28-22, I, and V;ippe will increase and V,, will 
decrease. This is easily proven with a numerical example. Assume that R, is 
decreased to 75 Q in Fig. 28-22. This gives us an R,C time constant of 75 Q x 


1000 uF = 75 ms. The ripple voltage is then calculated as follows: 


pani 
Viipple = Vout(pk) ( = eke) 


= 20.51 V (1 — 0.8948) 
= 20.51 V x 0.105 
=2.15 Vo, 


Next, we calculate Vpc using Formula (28-11): 


Vii le 
Voc = Vout(pk) ag 1 
2.15 V 
= 20.51 V — — 
=194V 


Notice that as the load resistance decreases from its previous value of 100 Q to 
its present value of 75 Q, V,,,. increases from 1.64 V „to 2.15 Vp. This causes Vp. 


to decrease from 19.69 V to 19.4 V when R, decreases from 100 Q to 75 Q. 


Example 28-7 


Assume the transformer turns ratio Np: N, = 4:1 in Fig. 28-21a and 2:1 in 
Fig. 28-22a. Compare V,,,,,, and Vic if C = 500 uF and R, = 250 Q. 
ANSWER We begin with the half-wave rectifier in Fig. 28—21a. First we 
calculate the secondary voltage. 

N, 


V, = N, x Vp 
= $X 120 Vic 
= 30 Vac 
This gives us a peak secondary voltage of 
Vso = Vs X 1.414 
= 30 V,. X 1.414 
= 42.42 V 


At the positive peak of secondary voltage, C charges to 0.7 V less than Vsp: 
The calculations are 
Vut(pk) = Vsow = V3 
= 42.42 V — 0.7 V 
=41.72 V 
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The peak-to-peak ripple voltage across C is calculated using Formula (28—10). 
Remember that for a half-wave rectifier, the discharge time ¢ for the capacitor is 


approximately 16.67 ms. The calculations for V,,,.,. are 


Viipple = V out(pk) ( 1 iz ec) 
= 41.72 V (1 — 6) 
= 41.72 V x 0.125 


=5.21V,, 
The DC voltage is calculated using Formula (28-11): 
Va le 
Voc = Vong — = 


=41.72 V ane 
= 39.12 V 


Next, calculate the values for the full-wave rectifier in Fig. 28—22a. The 
secondary voltage is calculated as follows: 


N, 
Wg Vp 


=4x 120 Vc 


= 60 Vac 
To calculate V, and V,, we divide V, by 2. The calculations are 
V, 
V =V, = = 
60 Vig 
7 a2 
= 30 Vac 


The peak value for V, and V, is calculated as follows: 
Vigo = Vev = 30 Vac X 1.414 
= 42.42 V 


At the positive peak of secondary voltage, C charges to a value 0.7 V less 
than the peak value for V, or V,. The calculations are 


Vee k) 
V 0N 
= 42.42 V — 0.7 V 


=41.72 V 


The peak-to-peak ripple voltage across C is calculated using Formula (28-10). 
Remember that the discharge time ¢ for the capacitor in a full-wave rectifier is 
approximately 8.33 ms. The calculations are 


= Vougo (1 = ek) 

= 41.72 V (1 — €° °°) 
= 41.72 V x 0.0645 
= 2.69 Vp 


V, 


ripple 


The DC voltage is calculated using Formula (28—11): 
V, 


_ ripple 
Voc =V, ut(pk) 


a 2 
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269V. 

= 41.72 V -—, 
2 

= 40.38 V 


The peak-to-peak ripple voltage and DC voltage for the half-wave and full-wave 
rectifiers in this example are compared below: 


Vipole Voc 
Half-Wave 5.21 Vp 39.12 Vie 
Full-Wave 2.69 V,,, 40.38 Voc 


Notice that the full-wave rectifier provides a larger DC output voltage with less 
ripple because the discharge time for a full-wave rectifier is one-half that of a half- 
wave rectifier. 


Diode Currents with a Capacitor Input Filter 


The diodes in a rectifier with a capacitor input filter conduct for less than 180° of the 
secondary voltage because the DC voltage on the filter capacitor holds the diodes 
off until the secondary voltage reaches a value high enough to provide the proper 
amount of forward bias. As a result, the diodes conduct for very short intervals of 
time. The average DC current in the diode of a half-wave rectifier, however, is still 
equal to the DC load current, [,, given by Formula (28-5). Likewise, the DC diode 
current in a full-wave rectifier connected to a capacitor input filter still equals one- 
half the DC load current, J,, as indicated in Formula (28-8). 

When the power is first applied to a rectifier with a capacitor input filter, the diode 
current required to charge the capacitor can be extremely high because the large filter 
capacitor connected to the output of the rectifier is initially uncharged. The current 
flowing through the diode during this time is called the surge current. The surge cur- 
rent must be less than the diode’s maximum forward surge current rating (Ipsm). After 
a few cycles of applied voltage, the capacitor achieves its full charge and the diode 
current is more normal, conducting only at or near the peak(s) of secondary voltage. 


Peak Inverse Voltage with a Capacitor Input Filter 


The peak inverse voltage across a nonconducting diode in either a full-wave rectifier 
or full-wave bridge rectifier with a capacitor input filter is still 0.7 V less than the 
peak value of the full secondary voltage. 

The peak inverse voltage across the diode in a half-wave rectifier with a capaci- 
tor input filter, however, equals approximately two times the peak value of the full 
secondary voltage. This is because the filter capacitance remains charged to approx- 
imately the peak value during the negative alternation of the secondary voltage. 


E 28-6 Self-Review 


Answers at the end of the chapter. 


a. The peak output voltage from an unfiltered half-wave rectifier is 
38.5 V. How much is the DC output voltage? 

b. The peak output voltage from an unfiltered full-wave rectifier is 
18.9 V. How much is the DC output voltage? 

c. The peak output voltage from an unfiltered full-wave bridge rectifier 
is 38.5 V. How much is the DC output voltage? 

d. The peak output voltage from a full-wave rectifier is 10 V. If a 
2200-uF capacitor is connected to the output of the rectifier, what 
is the approximate DC output voltage? 
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GOOD TO KNOW 


An LED is considered an 
optoelectronic device because it 
combines the concepts of optics 


and electronics. 


Figure 28-23 Schematic symbol of an 


LED. 
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28-7 Special Diodes 


Besides rectification, a semiconductor diode has many other useful applications. 
For example, semiconductor diodes can be manufactured to regulate voltage and 
emit different colors of light. This section introduces you to two special purpose 
diodes, the light-emitting diode (LED) and the zener diode. 


Light-Emitting Diodes 


When elements such as gallium, arsenic, and phosphorus are used in doping, a 
manufacturer can make diodes that emit different colors of light. These diodes are 
called light-emitting diodes (LEDs). Some common LED colors are red, green, yel- 
low, orange, and even infrared (invisible) light. 

LEDs now operate in place of incandescent lamps in many cases. A semitrans- 
parent material is used with LEDs so that light can escape and be visible. 


How It Happens 


For any diode that is forward-biased, free electrons and holes combine at the junc- 
tion. When free electrons from the n side cross over into the p side, they fall into a 
hole. When an electron falls, it releases energy. This energy is mainly heat or light. 
For the normal silicon diode, the light cannot escape because the device is not trans- 
parent. Because LEDs use a semitransparent material, however, light can escape to 
the surrounding environment. The color of the light emitted from the LED depends 
on the type of element used in the manufacture of the LED. 


LED Characteristics 


A light-emitting diode is represented using the schematic symbol shown in Fig. 28-23. 
The arrows pointing outward indicate the emitted light with forward bias. The internal 
barrier potential, V}, for an LED is considerably higher than that of an ordinary silicon 
diode. Typical values of V, for an LED range from approximately 1.5 to 2.5 V for cur- 
rents between 10 and 50 mA. The exact amount of forward voltage drop varies with the 
color of the LED and also with the forward current through the LED. In most cases, the 
LED voltage drop can be assumed to be 2.0 V for all LED colors and all values of 
forward current. This is a convenient value to use in troubleshooting and design. 

It is important to note that as the forward current in an LED increases, so does 
the amount of emitted light. For smaller LEDs, a forward current of 20-25 mA 
produces adequate light for most applications. 


Example 28-8 


Calculate the LED current in Fig. 28—24a. 


ANSWER The current through the LED can be found by dividing the 
resistor voltage by its resistance. Assume the LED has a voltage drop of 2.0 V. 
The calculations are 


Vin = View 


in 
I LED ~~ 
S 


_24V-2V 
2.2 kQ 


=10mA 


Unless indicated otherwise assume that a forward-biased LED drops 2.0 V. 
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Figure 28-24 Circuit used for Example 28-8. (a) LED circuit. (b) Circuit drawn as it is often seen in commercial schematic diagrams. 
(©) D, connected across LED to protect the LED from negative voltages accidentally applied to the circuit. 


R =2.2 kQ 


GOOD TO KNOW 


LEDs have replaced incandescent 
lamps in many applications 
because they have a lower 
operating voltage, a longer life, 


and faster on-off switching. 
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Vn =+24V 
Rg =2.2 KQ 
+ 
Viep 2 2.0 V LED 
-| > 
(b) (c) 


Figure 28—24b shows how the circuit of Fig. 28—24a is normally drawn in com- 
mercial schematics. It is common practice to show only the potential difference and 
its polarity with respect to chassis ground. 


Example 28-9 


In Fig. 28-24), calculate the resistance, R,, required to provide an LED current 
of 25 mA. 


ANSWER As stated before, assume a forward voltage of 2.0 V for an LED. 
The value of the resistor, R, can be calculated by dividing the resistor voltage by 
the desired LED current of 25 mA. The calculations are 


The nearest standard value for tolerances of +5% is 910 Q. This value will 
produce an LED current of nearly the desired value. 


Breakdown Voltage Rating, Van. 


LEDs have a very low breakdown voltage rating. Typical values of V;, range from 3 to 
15 V. Because of the low value of breakdown voltage, accidentally applying even a small 
value of reverse voltage can destroy the LED or severely degrade its performance. 

One way to protect an LED against excessive reverse voltage is to connect a sili- 
con diode in parallel with the LED, as shown in Fig. 28—24c. The parallel connec- 
tion ensures that the LED cannot accidentally receive a reverse-bias voltage greater 
than its breakdown voltage rating, V,,. In this case, the LED has a maximum reverse 
voltage, Vg, equal to the forward voltage of —0.7 V across D,. 

Note that a negative voltage would never be intentionally applied to the circuit 
shown in Fig. 28—24c. The negative value of —24 V for V represents an accidental 
application of negative voltage caused by a fault in the power supply circuit that 
provides power for the LED. 
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GOOD TO KNOW 


The voltage across a zener diode 
does not remain perfectly 
constant as the zener current 
varies. The reason is that all 
zeners have some value of zener 
impedance, designated R,. Rz acts 
like a small resistance in series 
with the zener. The effect of Rz is 
that small changes in V, will 


occur when l, varies. 
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Figure 28-25 Zener diode. (a) Schematic symbol. (b) Graph of a zener diode showing 
forward- and reverse-bias regions. 


Forward-bias 
region 


Reverse-bias 
region 


(a) (b) 


Zener Diodes and Their Characteristics 


A zener diode is a special diode that has been optimized for operation in the break- 
down region. These devices are unlike ordinary rectifier diodes, which are never 
intended to be operated at or near breakdown. Voltage regulation is the most com- 
mon application of a zener diode. The zener diode is connected in parallel with the 
load of the power supply. The zener voltage remains constant despite load current 
variations. Figure 28—25a shows the schematic symbol of a zener diode. 


Volt-Ampere Characteristic Curve 


Figure 28—25b shows the volt-ampere characteristic curve for a typical silicon zener 
diode. In the forward region, the zener acts like an ordinary silicon rectifier diode 
with a forward voltage drop of about 0.7 V when conducting. 

In the reverse-bias region, a small reverse leakage current flows until the break- 
down voltage is reached. At this point, the reverse current through the zener increases 
sharply. The reverse current is called zener current, designated I,. Notice that the 
breakdown voltage, designated V,, remains nearly constant as the zener current, I, 
increases. Because of this characteristic, a zener diode can be used in voltage regula- 
tion circuits, since the zener voltage, V,, remains constant even though the zener 
current, /,, varies over a wide range. 

Most manufacturers specify the zener voltage, V,, at a specified test current des- 
ignated I, . For example, a 1N4742A zener diode has a rated zener voltage, Vz, of 
12.0 V for a test current, Lp of 21 mA. The suffix A in the part number 1N4742A 
indicates a zener voltage tolerance of +5%. 


Zener Ratings 
An important zener rating is its power rating. In terms of power dissipation, 
P,= VL (28-12) 


where P, equals the power dissipated by the zener, V, equals the zener voltage, and 
I, equals the zener current. 
For example, if a 12-V zener has 30 mA of current, its power dissipation, P,, is 


Pz = VL, 
= 12 V x 30 mA 
= 360 mW 
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The power dissipation in a zener diode must always be less than its power dissi- 
pation rating. The power rating of a zener is designated P,,,. The maximum current 
that a zener can safely handle is given in Formula (28-13): 


P. 
ly = (28-13) 


where V, equals the zener voltage, /,,, equals the maximum-rated zener current, and 
Py, equals the power rating of the zener. /,,, is shown on the graph in Fig. 28—25b. 
Exceeding the value of /,,, will burn out the zener. 


Example 28-10 


Calculate the maximum-rated zener current for a 1-W, 10-V zener. 


ANSWER Using Formula (28-13), the calculations are 
P. 


ly = 
1W 

OV 

00 mA 


= =. 


For this zener diode, the current 7, must never exceed 100 mA. If it does, the 
diode is likely to fail due to excessive power dissipation. 


Zener Diode Applications 


Figure 28-26 shows an unloaded voltage regulator that uses a 6.2-V zener diode. 
Notice that the zener diode is reverse-biased with the positive terminal of V, con- 
nected to the cathode of the zener diode through the series limiting resistor, Rg. 

The zener diode provides an output voltage of 6.2 V. The zener current is calcu- 
lated by dividing the voltage across the series resistor, R,, by the value of R,. The 
calculations are 


_25V-62V 
TkQ 


= 18.8 mA 


Figure 28-26 Unloaded zener regulator with the output across the zener. 


R =1kKQ 
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GOOD TO KNOW 


Zener diodes can also be used to 
regulate the voltage from a 
power supply whose output is 
negative. All you need to do is 
reverse the connection of the 
zener so that the cathode is 
grounded and the anode is 
connected to the negative side of 


the unregulated supply. 
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If the input voltage, V,» varies, the zener current, [,, also varies. However, V, 
remains relatively constant. Any fluctuation in the zener voltage, V,, is due to the 


small change in the voltage drop across the zener impedance, R,. 


Example 28-11 


If V, = 10 V in Fig. 28-26, calculate /,. 


ANSWER The calculations are 


Loaded Zener Regulators 


The unloaded voltage regulator shown in Fig. 28—26 has few applications in elec- 
tronics. Usually, a load resistor is connected across the output, as shown in 
Fig. 28-27. This is a typical loaded voltage regulator. Since R, is across the zener, 
the load voltage equals the zener voltage, or V, = V}. 

It is important to note in Fig. 28-27 that the voltage dropped across the 
series resistor, R, is V,, — Vz. Thus, the current, I, through the series resistor is 
calculated as 


_15V-7.5V 
~ 100Q 


=75mA 


The current J, through the load resistor is calculated as 


Figure 28-27 Loaded zener regulator. 


R, = 1009 


Vout = Vz =7.5V 


R = 1502 
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Note that the output voltage equals the zener voltage, V,. 
Because the zener is in parallel with R,, the series current, /,, equals J, + [,. This 
is expressed in Formula (28-14): 


I=1,+1, (28-14) 
Formula (28-14) can also be arranged to solve for the zener current, /,: 
L=1,-f, 


To calculate the currents in a loaded voltage regulator, 7, should be calcu- 
lated first, then J,, and, last, the zener current, 7,. J, must be calculated indirectly 
because its DC resistance is not a fixed quantity. In Fig. 28-27, I, is found as 
follows: 


I,=1,-[, 


= 75 mA — 50 mA 
=25 mA 


Example 28-12 


If R, increases to 250 Q in Fig. 28-27, calculate the following: J,, Z, Iz, and P}. 


ANSWER _ [, remains constant at 75 mA even though R, changes because 
V.» Vz, and R; remain constant. 


To calculate J, divide V, by the R, value of 250 Q: 


-15V 
2509 


= 30 mA 
To calculate 7,, proceed as follows: 


L=- 
= 75 mA — 30 mA 
= 45 mA 


P, is calculated as follows: 


P,= Vd, 
=7.5 V x45 mA 
= 337.5 mW 


Notice that increasing R, from 150 Q to 250 Q in Fig. 28-27 causes 7, to 
decrease and J, to increase because 7, must remain constant at 75 mA. 

Also, notice that the power dissipation in the zener is well below the power 
dissipation rating of 1 W in this example. 
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Example 28-13 


In Fig. 28-28, calculate /,, 7, and I, for (a) R, = 200 Q; (b) R, = 500 Q. 


ANSWER Begin by calculating the current, Z, through resistor Rg: 


This current is the same for both load resistance values listed in (a) and (b). 
For R, = 200 Q in Part (a), calculate J, as follows: 


_ 10V 
200 Q 


=50mA 
Next, solve for the zener current, /,. The calculations are 


L,=1,-1, 
= 60 mA — 50 mA 
=10mA 


For R, = 500 Q in Part (b), calculate Z, as follows: 


_10V 
500 Q 


=20mA 
Next solve for J, as follows: 


L,=1,-1, 
= 60 mA — 20 mA 
=40mA 


Compare the J, and J, values for R, = 200 Q and R, = 500 Q. Notice that when 
R, increases from 200 Q to 500 Q, J, decreases from 50 mA to 20 mA, which in 
turn causes J, to increase from 10 mA to 40 mA. Notice that the zener current, /,, 
increases by 30 mA, the same amount by which the load current, 7, , decreases. 

When V, is constant, 7, and J, will always have equal but opposite changes 
in value. 


Figure 28-28 Loaded zener regulator with R, adjustable. See Example 28-13. 


R = 100 Q 
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E 28-7 Self-Review 
Answers at the end of the chapter. 


a. The approximate voltage drop across a forward-biased LED is 2.0 V. 
(True/False) 


b. A typical LED has a breakdown voltage rating around 1 kV. 
(True/False) 

c. A zener diode is normally reverse-biased when used as a voltage 
regulator. (True/False) 
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Summary 


Semiconductor atoms have four 
valence electrons. Both germanium 
(Ge) and silicon (Si) are examples of 
semiconductor materials. 


A pure semiconductor material 
with only one type of atom is 
called an intrinsic semiconductor. 
An intrinsic semiconductor is 
neither a good conductor nor a 
good insulator. 


An extrinsic semiconductor is a 
semiconductor with impurity atoms 
added to it through a process known 
as doping. Doping increases the 
conductivity of a semiconductor 
material. 


n-type semiconductors have many 
free electrons as a result of adding 
pentavalent impurity atoms during 
the doping process. A p-type 
semiconductor has many holes or 
vacancies in its covalent bond 
structure as a result of adding 
trivalent impurity atoms during the 
doping process. A hole exhibits a 
positive charge. 


A diode is a unidirectional device 
that allows current to flow through 
it in only one direction. 


A diode is forward-biased by making 
its anode positive relative to its 
cathode. A diode is reverse-biased 
by making its anode negative 
relative to its cathode. 


Important Terms 


Avalanche — the effect that causes a 
sharp increase in reverse current, lp, 
when the reverse-bias voltage across 
a diode becomes excessive. 


Barrier potential, V — the potential 
difference at the p-n junction of a 
diode. V, exists between the wall of 
positive and negative ions that are 
created as a result of free electrons 
diffusing from the n side of the diode 
to the p side. 


Bias — a control voltage or current. 


Breakdown voltage, Vag — the reverse 
bias voltage at which the avalanche 
effect occurs. The avalanche effect 
causes the reverse current, Ip, to 
increase sharply. 


924 


A forward-biased diode has 
relatively low resistance, whereas a 
reverse-biased diode has very high 
resistance. 


When testing a silicon diode with 
an analog ohmmeter, the ratio of 
reverse resistance, R}, to forward 
resistance, R,, should be at 

east 1000:1. 


The first approximation treats a 
forward-biased diode like a closed 
switch with a voltage drop of OV. 
The second approximation includes 
the barrier potential, V, which is 
0.7 V for a silicon diode. 

Both the first and second 
approximations of a diode treat a 
reverse-biased diode like an open 
switch with zero current. 


The third approximation of a diode 
includes both V, and the bulk 
resistance when forward-biased. 
The bulk resistance, rg, of a diode is 
the resistance of the p and n 
materials. 


he third approximation of a 
reverse-biased diode takes into 
account the reverse resistance, Rp. 


Half-wave, full-wave, and bridge 
rectifier circuits convert an AC 
voltage into a pulsating DC voltage. 


For an unfiltered half-wave 
rectifier, the DC output voltage is 
0.318 X Vagy: For an unfiltered 


Bulk resistance, r — the resistance of 


the p and n regions in a diode. 


Covalent bonding — the sharing of 


valence electrons between 
neighboring atoms in a silicon crystal 
or other crystalline structure. 


Depletion zone — the area at the pn 


junction of a diode that is void or 
depleted of all charge carriers. 


Diode — a unidirectional device that 


allows current to flow through it in 
only one direction. 


Doping — the process of adding impurity 


atoms to a pure semiconductor 
material such as silicon. 


Electron-hole pair — a free electron and 


a hole are created when a valence 


ull-wave rectifier, the DC output 
voltage is 0.636 X Vouw: 


When a filter capacitor is connected 
to the output of a half-wave or 
ull-wave rectifier, the DC output 
voltage is approximately equal to 
the peak output voltage from the 
rectifier. 


The ripple frequency at the output 
of a half-wave rectifier is the same 
as the frequency of the AC input 
voltage. The ripple frequency of a 
full-wave rectifier at the output is 
twice the frequency of the AC input 
voltage. 


A diode that emits light when 
forward-biased is called a light- 
emitting diode (LED). LEDs are 
doped with elements such as 
gallium, arsenic, and phosphorus 
because these elements emit 


different colors of light such as 
yellow, red, green, and orange. 


The voltage drop across a forward- 
biased LED ranges from about 1.5 
to 2.5 V.When making calculations, 
an approximate voltage of 2.0 V can 
be assumed for a forward-biased 
LED. The breakdown voltage rating 
of an LED is typically 3 to 15 V. 


A zener diode is a special diode 
designed for operation in the 
breakdown region. The most 
common application of a zener 
diode is voltage regulation. 


electron gains enough energy to leave 
its covalent bond in a silicon crystal. 


Extrinsic semiconductor — a 


semiconductor that has been doped 
with impurity atoms to alter the 
characteristics of the material, mainly 
its conductivity. 


Forward bias — the polarity of voltage 


across a diode that permits current to 
flow through it easily. 


Full-wave rectifier — a circuit that 


provides an entirely positive or 
negative output voltage when an AC 
input voltage is applied. A full-wave 
rectifier provides an output for both 
the positive and negative alternations 
of the input voltage. 


Chapter 28 


material. Since a hole exhibits a 
positive charge, the material is called 
p-type semiconductor material. 


Half-wave rectifier — a circuit that 
provides an entirely positive or 
negative output voltage when an AC 
input voltage is applied. A half-wave 
rectifier provides an output for either 
the positive or negative alternation of 
the input voltage but not both. 


semiconductor material. In an n-type 
semiconductor, free electrons are the 
majority current carriers, whereas in 

a p-type semiconductor, holes are the 


oe A Peak inverse voltage (PIV) — the 
majority current carriers. 


maximum instantaneous reverse-bias 
Minority current carrier — the type of voltage across a diode. 
charge carrier that appears sparsely Pentavalent atom — an atom with five 
Hole — the absence of a valence 


electron in a cova 


Intrinsic semiconduc 


ent bond structure. 


LOr — a 


semiconductor material with only one 


type of atom. 


Leakage current — t 


he very small 


current that flows when a diode is 
reverse-biased. The leakage current is 


mainly due to the 
minority carriers i 


the diode. 


thermally generated 
n both sections of 


Light-emitting diode (LED) — a diode 


throughout a doped semiconductor 
material. In an n-type semiconductor, 
holes are the minority current 
carriers, whereas free electrons are 
the minority current carriers ina 
p-type semiconductor. 


n-type semiconductor — a 


semiconductor that has been doped 
with pentavalent impurity atoms. The 
result is a large number of free 
electrons throughout the material. 
Since the electron is the basic particle 


valence electrons. 


Reverse bias — the polarity of voltage 


across a diode that prevents the diode 


from conducting any current. 


Trivalent atom — an atom with three 
valence electrons. 


Valence electrons — the electrons in the 


outermost ring or shell of an atom. 


Zener current, /, — the name for the 
reverse current in a zener diode. 


Zener diode — a diode that has been 


of negative charge, the material is 


called n-type semiconductor material. optimizedtor operation itie 


breakdown region. 


that emits a certain color light when 
forward-biased. The color of light 
emitted by the diode is determined by 
the type of material used in doping. 


p-type semiconductor — a 
semiconductor that has been doped 
with trivalent impurity atoms. The 


Majority current carrier — the dominant result isa large number of holes in the 


type of charge carrier in a doped 


Related Formulas 


Diodes Rectifier with Capacitor Input Filter 
at 
R: = V;/l; Viipple = Voute (1 T e) 
V= oe Ie Voc = Vouri — Vrippte/ 2 
=T 
© Al Zener Diode 
Half-Wave Rectifier (Unfiltered) Pz = Volz 
Voc = 0.318 X Veen lzm = Pzm/ V2 
liiode = lL Loaded Zener Regulator 
Fou = Ta k=hth 


Full-Wave Rectifier (Unfiltered) 
Voc = 0.636 X Vougo 
iode = h/2 
Jout = 2fin 


Self-Test 


Answers at the end of the book. 


1. A pure semiconductor is often 
referred to as a(n) 


a. extrinsic semiconductor. 
b. intrinsic semiconductor. 
c. doped semiconductor. 


d. none of the above. 
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2. An n-type semiconductor is a 
semiconductor that has been doped 
with 
a. trivalent impurity atoms. 


b. impurity atoms whose electron 
valence is +4. 


c. pentavalent impurity atoms. 


d. none of the above. 


3. For a silicon diode, the barrier 
potential, Vg, is approximately 


a. 0.7 V. 
b. 0.3 V. 
c. 2.0 V. 
d. 6.8 V. 
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. Ina p-type semiconductor, the 


majority current carriers are 
a. free electrons. 

b. valence electrons. 

c. protons. 


d. holes. 


. To forward-bias a diode, 


a. the anode voltage must be positive 
with respect to its cathode. 

b. the anode voltage must be 
negative with respect to its 
cathode. 

c. the cathode voltage must be 
positive with respect to its anode. 


d. either a or b. 


. A reverse-biased diode acts like a(n) 


a. closed switch. 
b. open switch. 
c. small resistance. 


d. none of the above. 


. The sharing of valence electrons in a 


silicon crystal is called 
a. doping. 

b. the avalanche effect. 
c. covalent bonding. 


d. coupling. 


. When used as a voltage regulator, a 


zener diode is normally 
a. forward-biased. 

b. reverse-biased. 

c. not biased. 


d. none of the above. 


. In an n-type semiconductor, the 


minority current carriers are 


a. free electrons. 


10. 


11 


12. 


13. 


14. 


A p-type semiconductor is a 
semiconductor doped with 


a. trivalent impurity atoms. 


b. impurity atoms whose electron 
valence is +4. 


c. pentavalent impurity atoms. 


d. none of the above. 


. To a first approximation, a 


forward-biased diode is treated 


like a(n) 

a. open switch with infinite 
resistance. 

closed switch with a voltage drop 

of OV. 

c. closed switch in series with a 

battery voltage of 0.7 V. 


d. closed switch in series with a small 
resistance and a battery. 


What is the DC output voltage of an 
unfiltered half-wave rectifier whose 
peak output voltage is 9.8 V? 


a. 6.23 V. 
b.19.6V. 
c.98V. 
du sal Vi 


What is the frequency of the 
capacitor ripple voltage in a full-wave 
rectifier circuit if the frequency of the 
transformer secondary voltage is 60 
Hz? 


a. 60 Hz. 
b. 50 Hz. 
c. 120 Hz. 


d. It cannot be determined. 


In a full-wave rectifier, the DC load 
current equals 1 A. How much DC 
current is carried by each diode? 


aA. 


b. protons. 
c. valence electrons. b. 1A. 
d. holes. c. 2A. 
d.OA. 
say Questions 
Explain why an n-type semiconductor material is 4. 


electrically neutral and not negatively charged. 


What are two other names for depletion zone. 5. 


15. 


16. 


17. 


18. 


19. 


20. 


A 12-V zener diode has a 1-W 
power rating. What is the maximum- 
rated zener current? 


a. 120 mA. 
b. 83.3 mA. 
c. 46.1 mA. 
d. 1A. 


In a loaded zener regulator, the 
series resistor has a current, l;, 
of 120 mA. If the load current, /, , 
is 45 mA, how much is the zener 
current, l3? 


a.45 mA. 
b. 165 mA. 
c. 7/5 mA. 


d. It cannot be determined. 


The approximate voltage drop across 
a forward-biased LED is 


a. 0.3 V. 
b. 0.7 V. 
c. 5.6 V. 
d. 20V: 


The output from an unfiltered 
half-wave or full-wave rectifier is a 


a. pulsating DC voltage. 
b. steady DC voltage. 
c. smooth DC voltage. 


d. none of the above. 


A diodeis a 
a. unidirectional device. 
b. linear device. 


c. nonlinear device. 


d. both a and c. 


What is the approximate DC output 
voltage from a filtered bridge 
rectifier whose peak output voltage 


is 30 V? 
a. 19.1 V. 
p95 V: 
c. 30V. 


d. none of the above. 


Give examples of when to use the first, second, and 
third diode approximations. 


Explain why a bridge rectifier would be used instead of a 


two-diode full-wave rectifier. 


Can a silicon diode be forward-biased if the anode 
voltage is negative? Explain your answer. 


6. Explain why the zener current and load current variations 
in a loaded zener regulator are equal but opposite. 
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Problems 


SECTION 28-1 SEMICONDUCTOR MATERIALS 


28-1 How many valence electrons does a silicon or 
germanium atom have? 
28-2 Whatis it called when a silicon atom shares its four 
valence electrons with other nearby silicon atoms? 
28-3 Define what is meant by an 
a. intrinsic semiconductor. 
b. extrinsic semiconductor. 
28-4 Ina semiconductor material, what is an electron-hole 


pair and how is it created? 


28-5 What type of impurity atom is added during the doping 
process to create a(n) 


a. n-type semiconductor material? 


b. p-type semiconductor material? 


28-6 Whatarethe majority and minority current carriers in a(n) 


a. n-type semiconductor? 


b. p-type semiconductor? 


SECTION 28-2 THE p-nJUNCTION DIODE 
28-7 Why isa diode called a unidirectional device? 


28-8 Which side of a diode, the p side or the n side, is called the 
a. anode? 
b. cathode? 


28-9 How much is the barrier potential, V,, for a 
a. germanium diode? 


b. silicon diode? 


28-10 In a diode, what is the depletion zone and why is it 
given that name? 


28-11 Describe the proper polarities for 
a. forward-biasing a diode. 


b. reverse-biasing a diode. 


28-12 In a reverse-biased diode, what is the main cause of 
eakage current? 


28-13 Does a reverse-biased diode resemble an open or 
closed switch? 


SECTION 28-3 VOLT-AMPERE CHARACTERISTIC 
CURVE 


28-14 How much current flows through a silicon diode for a 
forward-bias voltage less than 0.5 V? 


28-15 In terms of forward bias, what is the most obvious 
difference between a silicon and germanium diode? 


28-16 |s the leakage current in a diode mainly temperature or 
voltage dependent? 


28-17 For a reverse-biased diode, what is meant by the 
breakdown voltage, Vag? 


28-18 Ís a diode a linear or nonlinear device? Explain your answer. 
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28-19 Calculate the DC resistance of a diode for the 
following values of V; and lp: 


= 0.5V,/,=50pA. 
= 0.55 V, l; = 500 pA. 
= 0.6V,/-=1 mA. 
= 0.625 V, l; = 5 mA. 
-= 0.65 V, l; = 15 mA. 
-= 0.68 V, l; = 40 mA. 
-= 0.7 V, l = 70 mA. 


o o 


o> mo e 0 


28-20 From the values calculated in Prob. 28-19, what happens to 
the DC resistance of a diode as the forward bias increases? 


28-21 Suppose an analog meter is used to test a diode. What 
should the meter read for both connections of the 
meter leads if the diode is 


a. good? 
b. shorted? 
c. open? 


28-22 When using an analog meter to test a diode, why 
should the R x 1 range be avoided? 


28-23 Cana DMM set to measure resistance be used to test 
a diode? Why or why not? 


28-24 Explain how a DMM can be used to test a diode. 


SECTION 28-4 DIODE APPROXIMATIONS 


28-25 Which diode approximation treats a forward-biased 
diode like a 


a. closed switch in series with a battery? 
b. closed switch with a voltage drop of O V? 


c. closed switch in series with a battery and a resistor? 


28-26 Which diode approximation 
a. treats a reverse-biased diode like an open switch 
with zero current? 


b. includes the high leakage resistance when the diode 
is reverse-biased? 


28-27 Which diode approximation is used if only a rough 
approximation of the circuit’s voltages and currents 
are needed? 


28-28 What is the bulk resistance of a silicon diode for each 
of the following sets of values: 


a. when V, = 0.8 V, l; = 100 mA and when V, = 0.72 V, 


l; = 40 mA? 

b. when V; = 0.75 V, lp = 60 mA and when V; = 0.67 V, 
l; = 12 mA? 

c. when V; = 1 V, le = 800 mA and when V; = 0.7 V, 
|, =O mA? 


28-29 In Fig. 28-29, solve for the load current, /,, and the 
load voltage, V, using 


a. the first diode approximation. 
b. the second diode approximation. 


c. the third diode approximation. 
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Figure 28-29 


R = 309 


28-30 In Fig. 28—29, how much is the total diode drop when 
the third approximation is used to solve for V, and /,? 


28-31 In Fig. 28-30, solve for the load current, /,, and the 
load voltage, V,, using 


a. the first diode approximation. 


b. the second diode approximation. 


c. the third diode approximation. 


Figure 28-30 


R= 15 kQ 


28-32 In Fig. 28—30, which diode approximations are not 
necessary when solving for /, and V,? Justify your 
answer. 


SECTION 28-5 DIODE RATINGS 


28-33 Which diode rating, if exceeded, causes the avalanche 
effect? 


28-34 What is the designation for the average forward 
current rating? 


28-35 What is the reverse resistance of a diode if /, = 0.01 uA 
when V, = 200 V? 


SECTION 28-6 RECTIFIER CIRCUITS 
28-36 What type of rectifier is shown in Fig. 28-31? 


Figure 28-31 
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28-37 In Fig. 28-31 , calculate the following (use the second 
diode approximation): 


a. Vo. 
b. out(pk)* 


c. Voc. 


d./,. 
€; lioda 


f. PIV for D}. 
J- Fouts 


28-38 Recalculate the values in Prob. 28-37 for a 
transformer turns ratio, Np:N; of 2.5:1. 


28-39 What type of rectifier is shown in Fig. 28-32? 


Figure 28-32 


Np:Ng 
61 


28-40 In Fig. 28-32, calculate the following (use the second 
diode approximation): 


a. Vout(pk): 

b. Voc. 

his 

Miode 

. PIV for D; and D,. 
Sour: 


28-41 Recalculate the values in Prob. 28—40 for a 
transformer turns ratio, Np:Nc, of 2.5:1. 


m Oo & A 


28-42 What type of rectifier is shown in Fig. 28-33? 


Figure 28-33 


Np:Ng 
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28-43 In Fig. 28-33, calculate the following (use the second 
diode approximation): 


a. Vaut: 
b. Voc. 
Cadis 
d. lioe 

e. PIV for any diode. 


F Jout 


28-44 Recalculate the values in Prob. 28—43 for a 
transformer turns ratio, Nẹ:Ns, of 5:1. 


28-45 If a 2200-uF capacitor is added to the output in 
Fig. 28-31, calculate the following: 


a. Viipptes 
b. Voc. 


Cx live 


d. PIV. 


28-46 |f a 1000-uF capacitor is added to the output in 
Fig. 28-32, calculate the following: 


a. V, 


ripple* 


b. Voc. 


28-47 |f a 680-uF capacitor is added to the output in 
Fig. 28-33, calculate the following: 


a. V ipgle: 
b. Voc. 


Coli 


d. PIV. 


SECTION 28-7 SPECIAL DIODES 


28-48 In Fig. 28-34, calculate the LED current for each of 
the following values of Re: 


a. Ro = 2.7 kQ. 
b. R= 1.5 kQ. 
c. kR = 1KO. 

d. R =510 Q. 


Figure 28-34 


Vin = +15 V 


Red LED 
Ss 
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28-49 In Fig. 28-34, what value of R, will provide an LED 
current of 20 mA? 


28-50 Calculate the maximum-rated zener current, lzm, for 
the following '/2-W zener diodes: 


a. V,=5.6V. 
b.V,=68V. 
c. V,=10V. 
d.V,=18V. 
28-51 In Fig. 28-35, solve for the following: 
a. ls. 
by dice 
Cie 
Figure 28-35 


R =120Q 


28-52 In Fig. 28-36, solve for the following: 
a. lg. 
bidis 


Caile 


Figure 28-36 


R =50Q9 


28-53 In Fig. 28—36, how much is /, if R| opens? 
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Answers to Self-Reviews 28-1 a. n-type 28-5 a. breakdown voltage rating, Ver 
b. electrons b. false 
c. positive 
28-6 a. 12.24 V 
28-2 a.0./V b. 12V 
b. anode, cathode c. 24.5 V 
c. positive d. 10V 
d. open 
28-7 a. true 
28-3 a. minority b. false 
b. 22Q c. true 
c. bad 
28-4 a. the third approximation 


a 
b. the first approximation 


c. the second approximation 


Laboratory Application Assignment 


In this lab application assignment, you will examine half-wave 
and full-wave rectifier circuits. In each circuit you will analyze 
the output voltage waveforms and values with and without a 
filter capacitor connected to the output. 


Equipment: Obtain the following items from your instructor. 


e Isolation transformer and Variac 

e Transformer: 120-V primary, 25.2-V, 2-A secondary with 
center tap 
e Two 1N4002 silicon diodes or equivalent 
e 470-uF electrolytic capacitor 

e 1 kQ,'/2-watt carbon-film resistor 

e DMM and oscilloscope 


Caution: In this lab, you will be working with 120 V,c. For your 
safety, you will need to use an isolation transformer. Plug the 
isolation transformer into the 120-V,- outlet on your benchtop 
and in turn plug a Variac into the isolation transformer. Next, 
adjust the Variac for an output of 120 V,-. This is the voltage 


you will apply directly to the primary of the transformer. 


Transformer Measurements 


Connect the circuit in Fig. 28—37a. With exactly 120 V,- applied 
to the primary, measure and record the following rms values of 
secondary voltage. (Use your DMM.) Note that V, and V, each 
represent the voltage measured from one side of the 
transformer secondary to the center tap, whereas Vs 
represents the full secondary voltage. 

Y= Y= Vs = 

Are these voltages approximately 10% higher than the rated 


values? 


Half-Wave Rectifier 


Examine the half-wave rectifier in Fig. 28-37a. Calculate and 
record the following circuit values: 


V= , Voc = A= 5 


o 
fou = 


Connect channel 1 of your oscilloscope to the top of the 
transformer secondary and channel 2 across the load 
resistor, R,. Set the channel 2 input coupling switch to DC. 
Adjust the sec./div. control of the oscilloscope to view at 


h= 


least two complete cycles of secondary voltage. Draw the 
channels 1 and 2 waveforms on the scope graticule provided 
in Fig. 28—38. Label each waveform. From your displayed 
waveforms, what is 


a. The peak output voltage across the load resistor, R,? 
VEE = ——_—_—_. 

b. The period, T, and frequency, f, of the secondary voltage? 
(= J= 

c. The period, T, and frequency, f, of the load voltage? 

T= J= 


ext, measure and record the DC load voltage and current: 
DER sh = —__ 

Connect a 470-uF filter capacitor across R,. (Observe polarity.) 
Remeasure Vp. and h. Voc = S 

Did the filter capacitor increase the DC load voltage? 


f yes, why did this happen? 


If yes, explain why. 


Use these measured values in all your calculations that follow. 


930 


Explain the waveform that is now displayed on channel 2 of 
your oscilloscope. 


Change the channel 2 input coupling switch to AC, and reduce 
the volts/div. setting. Measure and record the peak-to-peak 


ripple voltage. V,,.. = 


ripple 
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Figure 28-37 


120-V,c, 60-Hz 
line isolated 


120-Vj¢, 60-Hz 
line isolated 


4 


(b) 

Full-Wave Rectifier c. The period, T, and frequency, f, of the load voltage? 
Examine the full-wave rectifier in Fig. 28-37b. Calculate and Ue HS 
record the following circuit values: ext, measure and record the following DC values: 
Vra = == Voe = = > ne = A= 2 
i I= 
Construct the full-wave rectifier in Fig. 28-37b. Connect pe 3 ae oe Sa me KRESS OE) 
channel 1 of your oscilloscope to the top of the transformer E aS ae a r r 

> Did the filter capacitor increase the DC load voltage? 
secondary and channel 2 across the load resistor, R,. Set the ee 

f yes, why did this happen? 


channel 2 input coupling switch to DC. Adjust the sec. /div. 


control of the oscilloscope to view at least two complete cycles 
of secondary voltage. Draw the channels 1 and 2 waveforms on 
the scope graticule provided in Fig. 28-39. Label each 


Explain the waveform that is now displayed on channel 2 of 
your oscilloscope. 


waveform. From your displayed waveforms, what is : 7 : 
Change the channel 2 input coupling switch to AC, and reduce 


a. The peak output voltage across the load resistor, R? the volts /div. setting. Measure and record the peak-to-peak 
Vre = ripple voltage. V,,,,.. = t——— How does this value compare 
b. The period, T, and frequency, f, of the secondary voltage? to what was measured in the half-wave rectifier? 
T= i 
Figure 28-38 Figure 28-39 

(0) (0) 


Design credit Multisim: OStockbyte/Getty Images 
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chapter 


Bipolar Junction 
Transistors 


ransistors are used when it is necessary to amplify voltage, current, and power. 

With a small signal applied to the transistor amplifier, the transistor and its 
associated circuitry can produce an amplified version of the input signal. The 
output signal can be hundreds or even thousands of times larger than the input 
signal. In computer circuits, the transistor can be used as an electronic switch. 
In this chapter, you will study basic transistor construction, the proper biasing 
arrangement, and the general characteristics of transistors. You will also learn 
about the most common ways to bias a transistor which include base bias, voltage 
divider bias, and emitter bias. E 


29-1 Transistor Construction 


29-2 Proper Transistor Biasing 


29-3 Transistor Operating Regions 


29-4 Transistor Ratings 


29-5 Checking a Transistor with an 


Ohmmeter 


29-6 Transistor Biasing Techniques 


After studying this chapter, you should be able to 


Æ = List the three doped regions of a transistor. Define the active, saturation, cutoff, and 
Æ Explain the role of each doped region in a breakdown operating regions of a transistor. 
transistor. Drawthe DC equivalent circuit of a transistor. 
m= Identify the schematic symbol of npn and pnp Calculate the power dissipated by a transistor. 
transistors, Explain how to test a transistor with an 
Æ Explain how to properly bias the emitter-base analog ohmmeter and a DMM. 
and collector-base junctions of a transistor. T TE I E T E E Oe 
Æ State the mathematical relationship between transistor circuit using base bias, voltage 
the emitter, base, and collector currents in a divider bias, and emitter bias. 
HAGEL SES Draw the DC load line for a transistor circuit. 
m Define dpc and Poc- 


Locate the Q point on the DC load line. 


active region cutoff derating factor saturation 
base DC alpha, a5. emitter transistor 
breakdown region DC beta, Boe midpoint bias 

collector DC load line Q point 
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GOOD TO KNOW 


On December 23, 1947, 

Walter H. Brattain and John 
Bardeen demonstrated the 
amplifying action of the first 
transistor at the Bell telephone 
laboratories. The first transistor 
was called a point-contact 
transistor, which was the 


predecessor to the junction 


transistor invented by Schockley. 
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29-1 Transistor Construction 


A transistor has three doped regions, as shown in Fig. 29-1. Figure 29—1a shows an 
npn transistor, and Fig. 29-1b shows a pnp transistor. Notice that for both types, the 
base is a narrow region sandwiched between the larger collector and emitter regions. 
The emitter region of a transistor is heavily doped. Its job is to emit or inject current 
carriers into the base. The base region is very thin and lightly doped. Most of the 
current carriers injected into the base from the emitter do not flow out the base lead. 
Instead, most of the current carriers injected into the base pass on to the collector. 
The collector region is moderately doped and is the largest of all three regions. The 
collector region attracts the current carriers that are injected into the thin and lightly 
doped base region. Incidentally, the collector region is the largest of all the three 
regions because it must dissipate more heat than the emitter or base regions. 

In npn transistors, the majority current carriers are free electrons in the emitter 
and collector, whereas the majority current carriers are holes in the base. The 
opposite is true in a pnp transistor where the majority current carriers are holes in 
the emitter and collector, and the majority current carriers are free electrons in the 
base. 

Figure 29-2 shows the depletion layers in an unbiased npn transistor. The diffu- 
sion of electrons from both n regions into the p-type base causes a barrier potential, 
Vp for both p-n junctions. The p-n junction at the left is the emitter-base junction; 
the p-n junction at the right is the collector-base junction. For silicon, the barrier 
potential for both the emitter-base (EB) and collector-base (CB) junctions equals 
approximately 0.7 V. 

Notice in Fig. 29-2 that the EB depletion layer is narrower than the CB depletion 
layer. The reason for the different widths can be attributed to the doping level of the 
emitter and collector regions. With heavy doping in the emitter region, the penetra- 
tion into the n material is minimal due to the availability of many free electrons. On 
the collector side, however, there are fewer free electrons available due to the more 
moderate doping level in this region. Therefore, the depletion layer must penetrate 
deeper into the collector region to set up the barrier potential, V,, of 0.7 V. In 
Fig. 29-2, dash marks are used in the n-type emitter and collector to indicate the 
large number of free electrons in these regions. Small circles are used to indicate the 
holes in the p-type base region. (For an npn transistor, holes are the minority current 
carriers in the n-type emitter and collector regions, whereas free electrons are the 
minority current carriers in the p-type base.) 


Figure 29-1 Transistor construction showing the three doped regions. (a) npn transistor. 
(b) pnp transistor. 


Emitter Collector 


Base 


(a) 


Emitter Collector 


Base 
(b) 
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Figure 29-2 Depletion layers in an npn transistor. 


n p n 


Emitter Collector 


Emitter-base as Collector-base 
depletion layer depletion layer 


Base 


Figure 29-3 Schematic symbols for transistors. (a) npn transistor. (b) pnp transistor. 


Collector (C) Collector (C) 
Base (B) Base (B) 
Emitter (E) Emitter (E) 
(a) (b) 
Schematic Symbols 


Figure 29-3 shows the schematic symbols for both the npn and pnp transistors. 
Notice the arrow on the emitter lead for both types. For the npn transistor in 
Fig. 29-3a, the arrow on the emitter lead points outward, and in the pnp transistor 
of Fig. 29-3), the arrow on the emitter lead points inward. 

The npn and pnp transistors are not different in terms of their ability to amplify 
voltage, current, or power. Each type, however, does require different polarities of 
operating voltages. For example, the collector-emitter voltage, Vcg, of an npn tran- 
sistor must be positive, and the collector-emitter voltage, Vog, must be negative for 
the pnp type. 

In summary, it is important to note the following points about the construction of 
a transistor: 


1. The emitter region is heavily doped. Its job is to emit or inject current 
carriers into the base region. For npn transistors, the n-type emitter 
injects free electrons into the base. For pnp transistors, the p-type emitter 
injects holes into the base. 

2. The base is very thin and lightly doped. Most of the current carriers 
injected into the base region cross over into the collector side and do not 
flow out the base lead. 

3. The collector region is moderately doped. It is also the largest region 
within the transistor. Its function is to collect or attract current carriers 
injected into the base region. 


E 29-7 Self-Review 


Answers at the end of the chapter. 


Which region in a transistor is the most heavily doped? 

Which region in a transistor is the largest? 

Which region in a transistor is very thin and lightly doped? 
Which lead of a transistor schematic symbol has an arrow on it? 


Bop 
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29-2 Proper Transistor Biasing 


For a transistor to function properly as an amplifier, the emitter-base junction must 
be forward-biased, and the collector-base junction must be reverse-biased, as illus- 
trated in Fig. 29-4a. Notice the common connection for the voltage sources at the 
base lead of the transistor. The emitter-base supply voltage is designated V,,,. and the 
collector-base supply voltage is designated Voc- 


Transistor Currents 


Figure 29-4b shows the emitter current, J,, the base current, J,, and the collector 
current, J... Electrons in the n-type emitter are repelled into the base by the negative 
terminal of the emitter supply voltage, V,,. Since the base is very thin and lightly 
doped, only a few electrons combine with holes in the base. The small current flow- 
ing out of the base lead (which is the base current, [,,) is called recombination cur- 
rent because free electrons injected into the base must fall into a hole before they can 
flow out the base lead. 

Notice in Fig. 29-4b that most of the emitter-injected electrons pass through the 
base region and into the collector region. The reason is twofold. First, only a few 
holes are available for recombination in the base. Second, the positive collector-base 
voltage attracts the free electrons in the p-type base over to the collector side before 
they can recombine with holes in the base. In most transistors, the collector current, 
Ie, is nearly identical to the emitter current, /,,. This is equivalent to saying that the 
recombination current, I}, is very small. 

Only a small voltage is needed to create an electric field strong enough in the 
collector-base junction to collect almost all the free electrons injected into the base. 
After the collector-base voltage reaches a certain level, increasing it further will have 
little or no effect on the number of free electrons entering the collector. As a matter 
of fact, after the collector-base voltage is slightly above zero, full current is obtained 


Figure 29-4 Transistor biasing for the common-base connection. (a) Proper biasing for 
an npn transistor. The EB junction is forward-biased by the emitter supply voltage, Ver. Vec 
reverse-biases the CB junction. (6) Currents in a transistor. 


Collector 


(6) 
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in the collector. If the voltage across the collector-base junction is too large, how- 
ever, the breakdown voltage may be exceeded, which could destroy the transistor. 

Notice the relative size of the current arrows shown in Fig. 29-4b. The 
currents are illustrated in this manner to emphasize their relationship with each 
other. The currents in a transistor are related as shown in Formulas (29-1), 
(29-2), and (29-3). 


L=It+Io (29-1) 
k=} -h (29-2) 
B=h-k (29-3) 


Example 29-1 


A transistor has the following currents: J, = 20 mA and J, = 4.98 A. Calculate 7. 


ANSWER Using Formula (29-1), the calculations are 


= tke 
= 20 mA + 4.98 A 
= 0.02 A + 4.98 A 
=5A 


Example 29-2 


A transistor has the following currents: 74 = 100 mA, J, = 1.96 mA. Calculate 7. 


ANSWER Using Formula (29-2), the calculations are 


k=- h 
= 100 mA — 1.96 mA 
= 98.04 mA 


Example 29-3 


A transistor has the following currents: J, = 50 mA, Ic = 49 mA. Calculate /,. 


ANSWER Using Formula (29-3), the calculations are 


I, =1, -I¢ 
= 50 mA — 49 mA 
=] mA 
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GOOD TO KNOW 


The symbol h,; is also used to 
indicate the DC beta of a 
transistor. The symbol hpg 
represents the forward current 
transfer ratio in the common- 
emitter configuration. The 
symbol h,, is a hybrid (h) 
parameter symbol. The 
h-parameter system in use today 


is the most common way of 


specifying transistor parameters. 
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DC Alpha 


The circuit shown in Fig. 29-4 is called a common-base (CB) connection because 
the base lead is common to both the input and output sides of the circuit. A charac- 
teristic that describes how closely the emitter and collector currents are in a com- 
mon base circuit is called the DC alpha, designated æpc. This is expressed in 
Formula (29-4). 


Oy, = (29-4) 


In most cases, the DC alpha is 0.99 or greater. The thinner and more lightly 
doped the base, the closer alpha is to one, or unity. In most discussions, the DC 
alpha is so close to one that we ignore the small difference that exists. 


Example 29-4 


A transistor has the following currents: J, = 15 mA, J, = 60 uA. Calculate ape. 


ANSWER First calculate Jo using Formula (29-2). The calculations are 


k=- h 
= 15 mA — 60 uA 
= 15 mA — 0.06 mA 
= 14.94 mA 


Next, use Formula (29-4) to calculate ajc: 


DC Beta 


Figure 29-5 shows another way to connect external voltages to the npn transistor. 
Vps provides the forward bias for the base-emitter junction, and Voc provides the 
reverse bias for the collector-base junction. This connection is called the common- 
emitter (CE) connection since the emitter lead is common to both the input and 


Figure 29-5 Transistor biasing for the common-emitter connection. 
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output sides of the circuit. Notice the arrows indicating the direction of the transistor 
currents Tp, Ic, and Jp. 

The DC current gain of a transistor in the common-emitter connection is called 
the DC beta, usually designated, Apc. The DC beta is expressed in Formula (29-5). 


Poc = i; (29-5) 


Example 29-5 


A transistor has the following currents: J, = 10 mA, J, = 50 uA. Calculate Jpc- 


ANSWER Using Formula (29-5), the calculations are 


Example 29-6 


A transistor has Jpc = 150 and J, = 75 uA. Calculate o. 


ANSWER Begin with 


Next, rearrange Formula (29-5) to solve for Ie: 


k = foc X Tp 
= 150 X 75 uA 
= 11.25 mA 
Relating Poc and Ay. 


If pc is known, apc can be found by using Formula (29—6): 
a Poc 


a= Ty Boo (29-6) 
Likewise, if a. is known, Jpc can be found by using Formula (29-7): 
—_ ec E 
Poo= Te (29-7) 
These formulas are derived from Formulas (29-1), (29-2), and (29-3). 
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Example 29-7 


A transistor has Jpc = 100. Calculate ay. 


ANSWER Using Formula (29-6), the calculations are 
_ Poc 
“eT + Boc 


___ 100 
T+ 100 


= 0.99 


Example 29-8 


A transistor has ay. = 0.995. Calculate Jpc- 


ANSWER Using Formula (29-7), the calculations are 
_ 4c 
Poc = {= Ape 
— __ 0.995 
1 — 0.995 
= 199 


In Example 29-7, notice how close æpc is to one. For this reason, it can usually 
be assumed to have a value of one, or unity, in most transitor circuit analyses. 


E 29-2 Self-Review 


Answers at the end of the chapter. 


a. For normal transistor operation, the EB junction is (forward/ 
reverse)-biased and the CB junction is (forward/reverse)-biased. 

b. A transistor has an emitter current of 15 mA and a collector current 
of 14.88 mA. How much is the base current? 

c. In Question b, how much is the DC alpha? 

d. A transistor has a collector current of 90 mA and a base current of 
500 uA. What is the transistor’s DC beta? 


29-3 Transistor Operating Regions 


Figure 29-6a shows an npn transistor in a CE connection. Notice that the base 
supply voltage, V,,, and the collector supply voltage, Voc, are variable. Notice 
also that a base resistor, R}, is used to control the amount of base current, J}. With 
a fixed value for Rẹ, V,, can be adjusted to produce the desired value of base 
current. 
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Figure 29-6 Common-emitter connection. (a) Circuit. (b) Graph of /. versus Vo, for different base current values. 


GOOD TO KNOW 


When displayed on a curve 
tracer, the collector curves in 
Fig. 29-6b actually have a slight 
upward slope. This is the result of 
the base region becoming slightly 
narrower as V_, increases. (As Vog 
increases, the CB depletion layer 
widens, thus narrowing the base.) 
With a smaller base region, there 
are fewer holes available for 
recombination. Since each curve 
represents a constant base 
current, the effect is seen as an 


increase in collector current. 


GOOD TO KNOW 


When a transistor is saturated, 
further increases in base current 
produce no further increases in 


collector current. 
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Io (mA) 


N 


N W fF agg 


123 4567 8 9 10 11 12 13 14 
V (volts) 


(b) 


Transistor Voltages and Currents 


In Fig. 29-6a, V;, can be adjusted to provide a wide range of base and collector 
current values. Assume that V,, has been adjusted to produce an J, of 50 uA. If 
Poc = 100, then J, is 


k = Poc X Ip 
= 100 x 50 uA 
= 5 mA 


As long as the collector-base junction remains reverse-biased, J- remains at 
5 mA. This is true regardless of the actual voltage between the collector and base. 

In Fig. 29-6a, Voc can be varied from a few tenths of a volt to several volts with- 
out having any effect on the collector current, J! This is true provided the collector- 
base breakdown voltage rating of the transistor is not exceeded. If V,, is increased 
to provide a base current, Z}, of 100 uA, then J. = 100 x 100 uA = 10 mA. Again, if 
Vac 1s varied from a few tenths of a volt to several volts, Z- remains constant. 

In Fig. 29-6a, notice that Vog = Veg + Vge. When Vog is a few tenths of a volt 
above zero, the collector-base diode is reverse-biased and J. = I, X pc- This means 
that J. is controlled solely by the base current, J,, and not by the collector supply 
voltage Voc- 


Saturation Region 


Figure 29-6) shows the action of the transistor for several different base currents. 
As can be seen, when V,, is zero, J. is zero because the collector-base function is not 
reverse-biased when Vog = 0. Without a positive voltage at the collector, it cannot 
attract electrons from the base. When Vog increases from zero, however, I increases 
linearly. The vertical portion of the curves near the origin is called the saturation 
region. When a transistor is saturated, the collector current, Ie, is not controlled 
solely by the base current, /,. 


Breakdown Region 


When the collector-base voltage is too large, the collector-base diode breaks down, 
causing a large, undesired collector current to flow. This is the breakdown region. 
This area of operation should always be avoided in transistor circuits. This region is 
not shown in Fig. 29-6b because it is assumed that breakdown will not occur when 
the circuit is designed properly. 
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GOOD TO KNOW 


A bipolar junction transistor is 
frequently used as a constant 


current source. 
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Figure 29-7 DC equivalent circuit of a transistor operating in the active region. 


h = 


Cutoff Region 


Notice the /, = 0 curve nearest the horizontal axis in Fig. 29—6b. This is called the 
cutoff region because only a small collector current, J., flows. For silicon transis- 
tors, this current is very small and is therefore usually ignored. A transistor is said to 
be cut off when its collector current, Je, is zero. 


Active Region 


The active region of a transistor is where the collector curves are nearly horizontal. 
When a transistor operates in the active region, the collector current, Io, is greater 
than the base current, J, by a factor of beta or Io = fy. X J. In the active region, the 
collector circuit acts like a current source. 


DC Equivalent of a Transistor 


Figure 29-7 shows the DC equivalent circuit of a transistor operating in the active 
region. Notice that the base-emitter junction acts like a forward-biased diode with a 
current, /,. Usually, the second approximation of a diode is used, rather than the first 
or third. If the transistor is silicon, assume that V,,, equals 0.7 V. 

Notice also that the collector circuit in Fig. 29-7 is replaced with a current 
source. The collector current source has an output current equal to Apc X Jg. Ideally, 
the current source has infinite internal impedance. With the CE connection in 
Fig. 29-7, we note that the collector current, o, is controlled only by the base cur- 
rent, /,, assuming Jpc is a fixed quantity. When /, changes, Zo still equals Jpclg. In 
Fig. 29-7, the arrow in the current source symbol points in the direction of conven- 
tional current flow. Of course, electron flow is in the opposite direction, indicated 
by the dashed arrows for J, and J. 


E 29-3 Self-Review 


Answers at the end of the chapter. 


a. In what operating region does the collector of a transistor act like a 
current source? 

b. In what region is a transistor operating if the collector current is 
zero? 

c. When a transistor is operating in its active region, is Zç controlled by 
Iz or Voc? 


29-4 Transistor Ratings 


A transistor, like any other device, has limitations on its operations. These limita- 
tions are specified in the manufacturer’s data sheet. In all the cases, the maximum 
ratings are given for collector-base voltage, collector-emitter voltage, emitter-base 
voltage, collector current, and power dissipation. 
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Power Dissipation Rating, P imav 


The product of Vog and J, gives the power dissipation, P}, of the transistor. This is 
shown in Formula (29-8): 


Py = Væ X Ie (29-8) 


The product Vog X J. must not exceed the maximum power dissipation rating, 
P imav» Of the transistor. Formula (29-8) can also be rearranged to solve for the maxi- 
mum allowable collector current, Io, for a specified value of collector-emitter volt- 
age, Vor- 


Example 29-9 


In Fig. 29-6a calculate P} if Vec = 10 V and J = 50 uA. Assume fy. = 100. 


ANSWER First calculate the collector current, J. The calculations are 


k = Poc X Ip 
= 100 x 50 uA 
=5 mA 


Next, from Fig. 29-6a, Vec = Vez, = 10 V. Therefore, the power dissipation, 
P, can be calculated using Formula (29-8). 


Pi = Væ X Ie 
=10Vx5mA 
=50 mW 


The transistor must have a power rating higher than 50 mW to avoid 
becoming damaged. Incidentally, note that small signal transistors have power 
dissipation ratings of less than 0.5 W, whereas power transistors have P, ratings 
greater than 0.5 W. 


Example 29-10 


The transistor in Fig. 29-6a has a power rating of 0.5 W. If Vog = 20 V, 
calculate the maximum allowable collector current, J, that can exist without 
exceeding the transistor’s power rating. 


ANSWER Begin by rearranging Formula (29-8) to solve for the collector 


current, Io: 
I = Pim 
C(max) V 
Inserting the values of Vog = 20 V, and Pima = 0.5 W gives 
I _ 0.5 W 
C(max) 7 20 V 
=25 mA 
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Derating Factor 


The power dissipation rating of a transistor is usually given at 25°C. At higher tem- 
peratures, the power dissipation rating is less. For most silicon transistors, the maxi- 
mum allowable junction temperature is between 150° and 200°C. Temperatures 
higher than this will destroy the transistor. This is why a manufacturer must specify 
a maximum power rating for the transistor. The transistor’s power dissipation rating 
must be kept to less than its rated value so that the junction temperature will not 
reach destructive levels. Manufacturers usually supply derating factors for deter- 
mining the power dissipation rating at any temperature above 25°C. The derating 
factor is specified in W/°C. For example, if a transistor has a derating factor of 
2 mW/°C, then for each 1°C rise in junction temperature, the power rating of the 
transistor is reduced by 2 mW. 


Example 29-11 


Assume that a transistor has a power rating Pima Of 350 mW at an ambient 
temperature T, of 25°C. The derating factor is 2.8 mW/°C. Calculate the power 
rating at 50°C. 


ANSWER First, calculate the change in temperature. AT = 50°C — 25°C = 
25°C. Next, multiply the change in temperature by the derating factor of 

2.8 mW/°C. Finally, subtract this answer from 350 mW to get the new P, rating. 
The calculations are 


AP = AT x derating factor 
= (50° — 25°C) x (280) 


= o 2.8 mW 
=25 CX “C 


=70 mW 


It is important to note that AT is the change in temperature and AP, is the 
reduction in the P, rating. Therefore, the power dissipation rating at 50°C is 


350 mW — 70 mW = 280 mW 


For larger power transistors the derating factor is usually specified for the 
case temperature, T, rather than the ambient temperature, T,. 


Breakdown Voltage Ratings 


A data sheet lists the breakdown voltage ratings for the emitter-base, collector-base, 
and collector-emitter junctions. For example, the data sheet of a 2N3904 small sig- 
nal transistor has the following breakdown voltage ratings: 


Veso = 60 Voc 
Vero = 40 Voc 
Vwo = 9.0 Voc 


The first two letters in the subscript indicate the two transistor terminals for 
which the voltage rating applies, and the third letter indicates the condition of the 
unmentioned terminal. The first voltage, Vogo» indicates the maximum allowable 


Chapter 29 


collector-to-base voltage with the emitter terminal open. The second voltage, 
Voro» is the maximum allowable collector-emitter voltage with the base open. The 
voltage rating, V;go» is the maximum allowable emitter-base voltage with the col- 
lector open. 

Exceeding any one of these voltage ratings can destroy the transistor. 


E 29-4 Self-Review 


Answers at the end of the chapter. 


a. How much power is dissipated by a transistor if Vog = 15 V and 
Ic = 300 mA? 

b. A transistor has a power rating of 1 W at 25°C. If the derate factor is 
4 mW/C, what is the transistor’s power rating at 125°C? 


29-5 Checking a Transistor 
with an Ohmmeter 


An analog ohmmeter can be used to check a transistor because the emitter-base and 
collector-base junctions are p-n junctions. This is illustrated in Fig. 29-8 where the 
npn transistor is replaced by its diode equivalent circuit. 

To check the base-emitter junction of an npn transistor, first connect the 
ohmmeter as shown in Fig. 29-9a, and then reverse the ohmmeter leads, as shown 
in Fig. 29-9b. In Fig. 29-9a, the resistance indicated by the ohmmeter should be 
low since the base-emitter junction is forward-biased. In Fig. 29-9), the resistance 
indicated by the ohmmeter should read high because the base-emitter junction is 
reverse-biased. For a good p-n junction made of silicon, the ratio R,/R, should be 
equal to or greater than 1000:1. 

To check the collector-base junction, repeat the process described for the base- 
emitter junction. For clarity, the ohmmeter connections are shown in Fig. 29-10. 
Notice that in Fig. 29-10a, the ohmmeter reads a low resistance because the 
collector-base junction is forward-biased. Conversely, in Fig. 29—10b, the ohmmeter 
reads a high resistance because the collector-base junction is reverse-biased. 


Figure 29-8 An npn transistor and its diode equivalent. 


E Cc 


Ẹ. C 
npn transistor : N 
Diode equivalent of 
npn transistor 


B B 


Figure 29-9 Testing the base-emitter junction of a transistor with an analog ohmmeter. 
(a) Low resistance is measured because the analog meter forward-biases the base-emitter 
junction. (b) High resistance is measured because the analog meter reverse-biases the base- 
emitter junction. 


(Black) g 
Low resistance High resistance 
(a) (b) 
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Figure 29-10 Testing the collector-base junction of a transistor with an analog 
ohmmeter. (a) Low resistance is measured because the analog meter forward-biases the 
collector-base junction. (b) High resistance is measured because the analog meter reverse- 
biases the collector-base junction. 


Bg (Black) 


Low resistance High resistance 


(a) (b) 


Although not shown, the resistance measured between the collector and emitter 
should read high or infinite for both connections of the meter leads. 


Shorted and Open Junctions 


For either Fig. 29-9 or Fig. 29-10, low resistance across the junction in both direc- 
tions implies that the emitter-base or collector-base junctions are shorted. If the 
ohmmeter indicates high resistance in both directions, then the junctions are open. 
In both cases, the transistor is defective and must be replaced. 


Checking for Proper Transistor Action 


An analog ohmmeter can also check to see whether the transistor functions properly 
as an amplifier, as shown in Fig. 29-11. Notice in Fig. 29-1 1a that the ohmmeter 
leads are connected so that the collector is positive with respect to the emitter. For 
this connection, the ohmmeter reads high or infinite (co) resistance. Reversing the 
ohmmeter leads should not change the reading indicated by the ohmmeter. 

Next, connect a resistor between the collector and base, as shown in Fig. 29-1 1b. 
This connection provides a positive voltage at the base with respect to the emitter, 
thereby forward-biasing the base-emitter junction. (Remember, an analog ohmmeter 
uses an internal battery.) Also, the collector is made positive with respect to its emit- 
ter, which is the required polarity for an npn transistor. This causes the ohmmeter to 
read approximately midscale because the transistor has collector current flowing 
through the ohmmeter. This action implies that the forward-biased base-emitter 
junction has turned on the transistor, causing a collector current, Io, to flow. 

To make the test illustrated in Fig. 29-11, it is important to use an R value no less 
than 10 kQ and no greater than 100 KQ. Also, it is recommended that the R x 10 range 


Figure 29-11 Checking for transistor action. (a) Ohmmeter reads high resistance. 
(b) Connecting R between collector and base biases the transistor so that it conducts. 


High B 
resistance 


Midscale 
ohmmeter reading 


(a) (b) 
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GOOD TO KNOW 


Many DMMs available today are 
capable of measuring the DC 
beta (fbc) of a bipolar junction 
transistor—either npn or pnp. 
The leads of the transistor are 
inserted into a small socket and a 
switch selects between npn and 


pnp for the measurement of Poc- 
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of the ohmmeter be used. These limits will produce the most reliable results. This test 
is rather crude, but it does provide a unique way of testing for transistor action. 

All of the transistor tests shown in this section should be done only with the 
transistor out of the circuit. Also, it is recommended that the analog meter be set to 
the R x 10 or R x 100 ranges. This will protect the transistor against excessive cur- 
rents and voltages that could exist if the transistor is checked on the lowest and high- 
est ohm ranges of the ohmmeter. 


Checking a Transistor with a Digital 
Multimeter (DMM) 


A transistor can also be checked with a DMM. The difference, however, is that the 
ohm ranges are typically not capable of forward-biasing a silicon or germanium p-n 
junction. As mentioned in Chapter 27, these ranges are typically designated as LPQ 
(low power ohm). The LPQ ranges of a DMM are useful when it is necessary to 
measure resistances in a transistor circuit where the forward-biasing of a p-n junction 
could cause an undesired parallel path across the resistance being measured. In fact, 
if a typical DMM is used, the ohmmeter tests indicated in Figs. 29-9 and 29-10 
could not be performed because the DMM would show an overrange condition on 
the display for both connections of the ohmmeter. This has fooled many technicians 
into believing that one or both junctions in the transistor being tested are bad. 

When using a DMM to check the diode junctions in a transistor, the diode range 
(+) must be used. However, the meter will show the forward voltage dropped 
across the p-n junction being tested rather than the actual value of forward or reverse 
resistance. For a forward-biased, emitter-base, or collector-base, silicon p-n junc- 
tion, the DMM usually indicates a voltage between 0.6 and 0.7 V. For the reverse- 
bias condition, the meter indicates an overrange condition. 

Note that the transistor action test illustrated in Fig. 29-11 cannot be performed 
with the DMM. 


E 29-5 Self-Review 


Answers at the end of the chapter. 


a. When tested with an analog ohmmeter, the base-emitter junction of a 
transistor should measure high resistance for one polarity of the 
meter leads and low resistance for the other polarity. (True/False) 

b. A DMM can measure the forward and reverse resistance of a diode. 
(True/False) 


29-6 Transistor Biasing Techniques 


For a transistor to function properly as an amplifier, an external DC supply voltage 
(or voltages) must be applied to produce the desired collector current, Jo. Recall 
from Chapter 28 that the term bias is defined as a control voltage or current. Tran- 
sistors must be biased correctly to produce the desired circuit voltages and currents. 
Several biasing techniques exist; the most common are discussed in this section. 
They include base bias, voltage divider bias, and emitter bias. 


Base Bias 


Figure 29—12a shows the simplest way to bias a transistor, called base bias. V,, iS 
the base supply voltage, which is used to forward-bias the base-emitter junction. Rp 
is used to provide the desired value of base current, Jẹ. Vec is the collector supply 
voltage, which provides the reverse-bias voltage required for the collector-base 
junction of the transistor. The collector resistor, Ro, provides the desired voltage in 
the collector circuit. Figure 29-12b shows the DC equivalent circuit. For silicon 
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GOOD TO KNOW 


In Fig. 29-1 2a, I, is totally 
independent of Vec and Re. This is 
true only if the transistor is 
operating in its active region, 


however. 
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Figure 29-12 Base bias. (a) Circuit. (b) DC equivalent circuit. 


R =1kO 


Veg = 15 V 


R = 56 KQ Ro =1kQ 


Vee = 15 V 


(b) 


transistors, V,,, equals 0.7 V. Notice that the collector circuit is represented as a cur- 
rent source whose value is dependent only on the values of pc and J. Collector 
supply voltage variations have little or no effect on the collector current, J. 

In Fig. 29-12a, the base current J, can be found by dividing the voltage drop 
across R, by the value of R,. This is shown in Formula (29-9). 


Vgs = Vor 


I= 


(29-9) 


Since the transistor is silicon, V,, equals 0.7 V. Therefore, J is calculated as 
follows: 


Rg 
_5V-07V 
56kQ 


= 76.78 uA 
The collector current, [,, can be calculated next: 
k = Poc X Ip 
= 100 x 76.78 uA 
~ 7.68 mA 


With J. known, the collector-emitter voltage, Vog, can be found. This is shown in 
Formula (29-10): 


Ver = Veo — [eRe (29-10) 
= 15 V — (7.68 mA X 1 KQ) 
= 15 V = 7.68 V 
=7.32 V 
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Figure 29-14 DC load line. 


I _ Vec 
csa = T 
(es 


Ic 


Veetort) = Vec 
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Figure 29-13 Base bias using a single power supply. 


+Vog =15V 


Ra = 180 kQ 


Notice that the calculation for V,,, involves subtracting the voltage drop across Ro 
from the collector supply voltage, Voc. Increasing I, reduces Vog because of the 
increased voltage drop across the collector resistor, Re. Conversely, decreasing [, 
increases Vog due to the reduction of the [.R, voltage drop. 


Base Bias with a Single Supply 


In most cases, a single voltage source provides the base bias for a transistor. One 
example is shown in Fig. 29-13. Notice that the base supply voltage, V,,,, has been 
omitted and R, is connected to the positive (+) terminal of Voc. For this circuit, J, is 
calculated using Formula (29-11): 
Vcc — Vee 


Rg 


k= (29-11) 


For the circuit values given, J}, Ic, and V,, are calculated as follows: 


— IV -0.7V 


2 180 kQV 


_ 143V 
180 KQ 


= 79.44 uA 

Io = Poc X Ip 
= 100 x 79.44 uA 
=7.94mA 


Next, calculate Vog using Formula (29-10). The calculations are 
Vow = Vec ~ Leke 
= 15 V — (7.94 mA x 1 kQ) 
= 15 V -7.94 V 
= 7.06 V 


Figure 29-13 shows a more practical way to provide base bias because only one 
power supply is required. 


DC Load Line 


The DC load line is a graph that allows us to determine all possible combinations 
of J, and Vog for a given amplifier. For every value of collector current, Io, the 
corresponding value of V,,, can be found by examining the DC load line. A sample 
DC load line is shown in Fig. 29-14. 
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The endpoints of the DC load line are labeled Zega and Vego Zcsa represents the 
collector current, Z<, when the transistor is saturated. Vox) represents the collector- 
emitter voltage with J. = 0 for the cutoff condition. 

When a transistor is saturated, treat the collector-emitter region like a short 
since Vog equals zero for this condition. With V,,, equal to zero, the voltage across 
Ro must equal Voc. This is expressed as 


Vec = LeRe 
Rearranging, this gives Formula (29-12): 
V, 
Tesa = = 29-12) 
cea) FR ( 


This is an ideal value for Zega» with Vog assumed to be zero. When a transistor is 
saturated, note the following points: 


1. Further increases in J, produce no further increases in To. 

2. The collector circuit no longer acts like a current source because Vog is 
approximately zero and the collector-base junction of the transistor is not 
properly reverse-biased. 


When the transistor is cut off, visualize the collector-emitter region as an open 
circuit because J, = 0. With zero collector current, the J.R, voltage drop is zero, 
resulting in a collector-emitter voltage, Vog, of approximately Voc. This gives 
Formula (29-13): 


Vorot = Vec (29-13) 


If a transistor is biased so that it is not operating in saturation or cutoff, it is said 
to be operating in the active region. When a transistor is operating in the active 
region, the following points are true: 


1. Ie= fpe i 
2. The collector circuit acts as a current source with high internal 
impedance. 


Midpoint Bias 


Without an AC signal applied to a transistor, specific values of J and V;,, exist. The 
I, and V,,, values exist at a specific point on the DC load line. This is called the 
Q point, where Q stands for the quiescent currents and voltages with no AC input 
signal applied. In many cases, an amplifier is biased such that the Q point is at or 
near the center of the DC load line, as illustrated in Fig. 29-15. Notice that in this 
case, log equals 4 Zoga and Vego equals Vec/2. Vego represents the quiescent collec- 
tor-emitter voltage, and Zoo represents the quiescent collector current. Centering the 
Q point on the load line allows optimum AC operation of the amplifier. 


Figure 29-15 DC load line showing the endpoints legap and Vere), as well as the Q point 
values cg and Veto. 


I _ Vec 
C(sat) ~ 
Re 
Tog Q Point 
Ie 
Veea Veto = Vec 
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Example 29-12 


In Fig. 29-16, solve for Jp, Ic, and Vog. Also, construct a DC load line showing 
the values of Lega» Vert» Icos and Vero: 


ANSWER Begin by using Formula (29-11) to calculate J: 
Vcc — Vee 
R, 
~ 12V-07V 
390 kQ 


= 28.97 uA 


h= 


Next, calculate Zo: 
k = Poc X lg 
= 150 x 28.97 uA 
= 4.35 mA 
Vo is calculated using Formula (29-10): 


Vo = Vee — [eRe 
= 12 V — (4.35 mA x 1.5 KQ) 
=12 V -6.52 V 
= 5.48 V 


The endpoints for the DC load line are calculated using Formulas (29-12) 
and (29-13): 


I = 
C(sat) 
s0 = Ro 


=8 mA 
Vorot = Vec 
=12V 


Figure 29-16 Circuit used for Example 29-12. 


4+Veg = 12 V 
Ro =15kQ 
Rp = 390 KQ 
Poc = 150 


The values in Example 29-12 are shown on the DC load line in Fig. 29-17. 
Notice that Vogo and Ieg are the same as the Zo and Vog values calculated in this 
example, where Vogo = 5.48 V and Ieg = 4.35 mA. Remember that Zog and Vero 
represent the quiescent J, and Vog values without an AC input signal applied. 
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GOOD TO KNOW 


Because the values of /¢ and Ve 
are dependent on the value of 
beta in a base-biased circuit, the 
circuit is said to be beta 


dependent. 
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Figure 29-17 DC load line for base-biased transistor circuit in Fig. 29-16. 


Tosat) = 8 MA 
Teg = 4.35 mA Q Point 
Ic 


Vea =548V V, 


CE(off) 7 12V 
Vee 


Instability of Base Bias 


Note that base bias provides a very unstable Q point because the collector current, 
[,, and collector-emitter voltage, V,,., are greatly affected by any change in the 
transistor’s beta value. If the transistor is replaced with one having a significantly 
different value of Apc, the Q point might actually shift to a point located near or at 
either cutoff or saturation. The beta value of a transistor also varies with tempera- 
ture. Therefore, any change in the temperature of the transistor can cause the Q point 
to shift. The instability of base bias makes it the least popular biasing technique. 


Voltage Divider Bias 


The most popular way to bias a transistor is with voltage divider bias. The advantage 
lies in its stability. If designed properly, the circuit is practically immune to changes 
in Jpc caused by either transistor replacement or temperature variation. An example 
of voltage divider bias is shown in Fig. 29-18. Notice that V, is the voltage mea- 
sured from the base lead to ground, which is actually the voltage drop across R,. 
Since the voltage divider is made up of R, and R,, V, can be calculated using the 
voltage divider formula shown in Formula (29-14): 


V, X Voc (29-14) 


ee ee 
R, +R, 


_ 3.1kO 
~ 27kQ + 5.1kQ 


= 2.38 V 


x15 V 


Figure 29-18 Voltage divider bias. 
$V og = 15 V 


Ro =1kQ 
R, = 27kQ 
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The emitter voltage, V,, is 0.7 V less than the base voltage, V,, assuming that the 
transistor is silicon. This is shown in Formula (29-15): 


Ve = Va — Vor (29-15) 
= 2.38 V -0.7 V 
= 1.68 V 


Ohm’s law can now be used to determine the emitter current, 7: 
=p" (29-16) 


— 1.68 V 
240 Q 
=7mA 
Now, because Jpc equals 100, assume that J, is approximately the same as /,. 
Therefore, 


ll =7mA 
To calculate the collector voltage with respect to ground, use Formula (29-17): 
Ve = Voce — TR (29-17) 
= 15 V — (7 mA x 1 KQ) 
=15V-7V 
=8V 
Finally, Vog can be calculated by using Formula (29-18): 
Vow = Voce — [e(Ro + Rg) (29-18) 
= 15 V -7 mA (1 KQ + 240 Q) 
= 15 V — 8.68 V 
= 6.32 V 


Calculating the Endpoints for the DC Load Line 


As mentioned before, when a transistor is saturated, Vog is approximately zero, 
which is the same as saying that the collector and emitter terminals are shorted. 
Visualize the collector-emitter terminals shorted in Fig. 29-18. This condition 
would produce a voltage divider in the collector circuit whose total resistance would 
equal the sum of RK, + Rẹ. Thus, the saturation current, Zega 18 
z Vec 
Tegan = Ro + R; 


Conversely, with the transistor cut off, the collector emitter region acts like an 
open circuit and 


Vener = Vec (29-20) 


Figure 29-19 shows the DC load line for the transistor circuit in Fig. 29-18. The end 
points of the DC load line can be calculated using Formulas (29-19) and (29-20): 
Voc 


(29-19) 


“ote Ret Ry 
= 15 V 
1 KQ + 240 Q 
= 12.1] mA 
Vor (ott) = Vec 
=15V 


These values are found on the graph in Fig. 29-19. 
Notice that the values of Zc and Vego have also been included on the graph. 
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Figure 29-19 DC load line for voltage divider—based transistor circuit in Fig. 29-18. 


Veo Ly 121ma 


Tosat) = Re+ Re 
Icg=7mA 


Ic 


Vcera = 6.32 V Veton = Vec 
Vo 


Example 29-13 


For the circuit shown in Fig. 29-20, solve for Vp, V;, Ic, Vc, and Vog. Also, 
calculate Josa and Vegi. Finally, construct a DC load line showing the values 


of Toga» Verot Tog» and Verg: 


Figure 29-20 Circuit used for Example 29-13. 


4+Vog =18 V 
Ro =1.5 KQ 
R = 33kQ 
Boc = 200 
R, = 5.6 kQ R, = 3909 


ANSWER Begin by calculating V,. Use Formula (29-14): 


___ 5.6kQ 
33 KQ + 5.6 KQ 


=2.61 V 


Next, use Formula (29-15) to calculate V: 
Vi = Va — Ve 
=2.61 V — 0.7 V 
=1.91 V 
Ve 
Re 
_ 191 V 
390 Q 
since Jpc = 200, Ie =i, = 4.9 mA 


x18 V 


I, =~ (using Ohm’s law) 


=49mA 
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With J. known, Vo and Vog can be calculated using Formulas (29-17) and 
(29-18), respectively: 
Vo = Vee = LeRe 
= 18 V — (4.9 mA x 1.5 KQ) 
=18V-7.35V 
= 10.65 V 
Vor = Vec — Ie (Re + Re) 
= 18 V — 4.9 mA (1.5 KQ + 390 Q) 


= 18 V — 9.26 V 
= 8.74 V 
Tega 18 calculated using Formula (29-19): 
I. = Ve 
C(sat) Re + Ra 


_ 18 V 
1.5 KQ + 390 Q 
= 9.52 mA 
Next,  Vorory = Vec = 18 V 


The DC load line is shown in Fig. 29-21. The values of Ico, Veeg» Lega» and 
Vcror are all included. 


Figure 29-21 DC load line for voltage divider—biased transistor circuit in Fig. 29-20. 


Tecan) = 9-52 MA 


Ieg= 4.9 mA Q Point 


Va =8.74V Voom = 18. V 


Example 29-14 


For the pnp transistor in Fig. 29-22, solve for V,, Ve Ic Vo, and Vog. 


ANSWER Notice that the collector supply voltage, V.,, is negative. This 
polarity is required to bias the EB and CB junctions properly. All currents will 
flow in the opposite direction from the npn transistors used in the previous 
example. The calculations for all currents and voltages are similar to those of 
the npn transistor. The calculations are 


R, 
Ya = Rt RB, To 


___ 6.2kQ 
6.2kQ + 33 kQ 
=-19V 


x (-12 V) 
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Figure 29-23 Emitter bias. 


4+Veg = 10 V 


R.=1kQ 


(e 


Pog = 200 


R =1kQ R, = 2.2 kQ 


Vig = 10 V 
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Figure 29-22 Circuit used for Example 29-14. 


Veg = 12 V 


Ro =2kQ 
R, = 33 KQ 

Bog = 150 
R, = 6.2 kQ R, = 500 Q 


Allowing 0.7 V for V,,, the emitter voltage, V,, is calculated as 


Vii = Vp — Vor 
—1.9 V — (—0.7 V) 
=-12V 


since J, = I. 


Next, h= R 
E 


_12V 
500 Q 
=2.4 mA 


Vo and V,,, are calculated as 


Ve = —Vec + [eRe 
= —12 V + (2.4 mA x 2 KQ) 
=—12 V + 4.8 V 
=-7.2V 


To calculate V.., proceed as follows: 


Voe = —Veo + L-(Re + Rẹ) 
= —12 V + 2.4 mA (2 KQ + 500 Q) 
=-12V+6V 
=-6V 


The values of Zoga ANd Vego are determined using the same methods 
described earlier. 


Emitter Bias 


If both positive and negative power supplies are available, emitter bias pro- 
vides a solid Q point that fluctuates very little with temperature variation and 
transistor replacement. An example of emitter bias is shown in Fig. 29-23. 
The emitter supply voltage, V,,, forward-biases the emitter-base junction 
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GOOD TO KNOW 


When transistors are biased using 
well-designed voltage divider bias 
or emitter bias configurations, 
they are classified as beta- 
independent circuits. This is 
because the values of J. and Ve, 
are unaffected by changes in the 


transistor’s beta. 


Figure 29-24 Circuit used for 
Example 29-15. 


4Veg = 15 V 


Ro = 15 kQ 


Bog = 150 


R, = 1.5 KQ 


Bipolar Junction Transistors 


through the emitter resistor, R,. To calculate the emitter current, Jp, use 
Formula (29-21): 
p= e te (29-21) 


E 
_10V-07V 
2.2kQ 


= 4.23 mA 


Notice that R, is ignored in the calculation for /,,. A more exact formula for Ip, 
however, is 


I= Vee — Vee (29-22) 


R 
R +3 
i B DC 
Using the values from Fig. 29-23 gives 


10 V — 0.7 V_ 


1kQ 
2.2 KQ + 300 


_10V-07V 
2.205 kQ 


= 4.22 mA 


k= 


Notice that the difference is only 10 uA, which is small enough to be ignored. 

Incidentally, notice in Fig. 29-23 that the base voltage, V,; = 0 V. This occurs 
because the /,R, voltage drop is very small due to the small value of base current, 
I, which is typically only a few microamperes. 

To calculate V,, proceed using Formula (29-23): 


Ve = Vec — LRe 
= 10 V — (4.23 mA x 1 KQ) 
= 10 V — 4.23 V 
=5.71 V 


(29-23) 


Example 29-15 


In Fig. 29-24, calculate J, and Vo. 


ANSWER _ J, can be calculated by using either Formula (29-21) or (29-22). 
Here, use Formula (29-21): 


Vix — Vee 
Rg 
_6V-07V 
1kQ 
=5.3mA 


= 


Next, calculate V, using Formula (29-23): 


Vo = Vec = {cfe 
= 15 V — (5.3 mA x 1.5 KQ) 
=15 V -7.95 V 
= 7.05 V 
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E 29-6 Self-Review 
Answers at the end of the chapter. 


a. Base bias is the best way to bias a transistor because it provides such 
a stable Q point. (True/False) 

b. When the collector current decreases in a transistor amplifier, the 
collector voltage (increases or decreases). 

c. Ina transistor circuit with voltage divider bias, the base voltage is 
3.1 V. How much is the emitter voltage? 
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Summary 


A transistor is made up of three 
doped regions: the emitter, base, 
and collector regions. 


The base is a very thin and lightly 
doped region that is sandwiched 
between the emitter and collector 
regions. 


The emitter region is the most 
heavily doped region in a transistor. 
Its function is to emit or inject 
current carriers into the base region. 


The collector region is moderately 
doped and is the largest of all three 
transistor regions. Most of the 
current carriers injected into the 
base are attracted into the collector 
region rather than flowing out from 
the base lead. 


n a transistor, lg = lg + le. 
The DC alpha (@po) is the ratio of 


DC collector current to DC emitter 
current: Ape = I/le. 


Important Terms 


Active region — the region of operation 
where the collector of a transistor 
acts like a current source. 


Base — a thin and very lightly doped 
region in a transistor. The base is 
sandwiched between the emitter and 
collector regions. 


Breakdown region — the region of 
transistor operation where a large 
undesired collector current flows as 
a result of the collector-base diode 
breaking down from excessive 
reverse-bias voltage. 


Collector — a large, moderately doped 
region in a transistor. The collector is 
the largest of all three transistor 
regions because it dissipates the most 
neat. 


Cutoff — the region of transistor 
operation where the collector current, 
lg, is zero. 


Related Formulas 


l= lte 
le=le =g 
l =le — le 
Ape = lelle 
Poc = !/Ip 


Bipolar Junction Transistors 


The DC beta (Bpo) is the ratio of DC 
collector current to DC base 
current: Poe = le/lg- 

A transistor has four operating 
regions: the breakdown region, 
active region, saturation region, and 
the cutoff region. 


When a transistor is operating in 
the active region, the collector acts 
ike a current source whose value is 
le = lg X Poc- 

The power dissipation rating of a 
transistor decreases for 
temperatures above 25°C. 
Manufacturers specify a derating 
factor in W/°C so that the 
transistors power rating can be 
determined for any temperature. 


Transistors must be properly biased 
to obtain the desired circuit 
voltages and currents. When 
properly biased, the transistor can 
amplify AC signals. 


DC alpha, a). — the ratio of collector 
current, le, to emitter current, lg, in a 
transistor: Apc = I/le. 


DC beta, Poc — the ratio of collector 
current, /., to base current, lẹ, ina 
transistor: Ppc = I-/Is. 

DC load line — a graph that shows all 
possible values of / and Ve for a 
given transistor amplifier. The end 
points of the DC load line are legap 
and Vega) which represent the values 
of |. and Vee when the transistor is in 
saturation and cutoff. 


Derating factor — the amount that the 
power rating of a transistor must be 
reduced for each degree Celsius 
above 25°C. The derating factor is 
specified in W/°C. 


Emitter — the most heavily doped 
region in a transistor. Its function is 


— Boc 
Moe T+ Boo 
oc 
Px = T= aa 
P= Væ X le 


The most commonly used biasing 

techniques for transistors include 
base bias, voltage divider bias, and 
emitter bias. 


Base bias is seldom used because it 
has a very unstable Q point. 


Voltage divider bias is the most 

common way to bias a transistor. It 
provides a very stable Q point when 
designed properly. 


Emitter bias using two power 
supplies provides a very stab 
Q point. 


oO 


A DC load line is a graph that shows 
all possible operating points for 
lo and Vg in a transistor amplifier. 


The endpoints for the DC load line 
are labeled logy and Voom- All 
the points between cutoff and 

saturation are in the active region. 


to inject or emit current carriers into 
the base region. 

Midpoint bias — a bias point that is 
centered between cutoff and 
saturation on the DC load line. 


Q point — the values of /. and Væ in a 
transistor amplifier with no AC signal 
present. 


Saturation — the region of transistor 
operation where the collector current 
no longer increases with further 
increases in the base current. 


Transistor — a three-terminal 
semiconductor device that can 
amplify an AC signal or be used as an 
electronic switch. 


Base Bias (Single Supply) 


Voc = Vor 
Rg 


Vee = Vec = le Re 
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V. 
lega = ae le = V:/R; 
Verom = Vec Ve = Vee le Re 


Volt Divider Bi 
oltage Divider Bias Va =V — (R +R) 


Ve= X Vec Vec 
R; +R C load = Ro Re 
Ve = Ve — Ve Veen = Vcc 
Self-Test 
Answers at the back of the book. 6. In what operating region does the 
collector of a transistor act like a 
1. Which transistor region is very thin current source? 


and lightly doped? 


a. the emitter region. 


a. the active region. 


b. the saturation region. 


b. the collector region. c. the cutoff region, 


Spine anade regian: d. the breakdown region. 


d. the base region. 
7. A transistor operating in the active 


2. Which region in a transistor is the region has a base current, /,, of 
most heavily doped? 20 HA. If $ < = 250, how much is the 
a. the emitter region. collector current, l<? 
b. the collector region. a.50 mA. 
c. the gate region. b. 5 mA. 
d. the base region. c. 123 MA: 
d. 80 uA. 
3. In a transistor, which is the largest of 
all the doped regions? 8. Which of the following biasing 
a. the emitter region. techniques produces the most 


int? 
b. the collector region. Unstable Q point 


a thegateregion: a. voltage divider bias. 


d: the basèredgion. b. emitter bias. 


c. collector bias. 


4. For a transistor to function as an d. base bias. 
amplifier, 
a. both the EB and CB junctions 9. When the collector current in a 
must be forward-biased. transistor is zero, the transistor is 
b. both the EB and CB junctions a. cut off. 
must be reverse-biased. b. saturated. 
c. the EB junction must be forward- c. operating in the breakdown region. 
biased and the CB junction must d ether bore. 
be reverse-biased. 
d. the CB junction must be forward- 10. When a transistor is in saturation, 
biased and the EB junction must V=. 
be reverse-biased ETE 
i b.l =0A. 
5. For a typical transistor, which c. Ve = OV. 
two currents are nearly the d. Veg = aVec. 
same? 
asla and Ie. 11. Emitter bias with two power supplies 
b. la and fe. provides a 
etandi a. very unstable Q point. 
wl Bs 


d Heamoriheaboue. b. very stable Q point. 
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Emitter Bias 


_Ve=V, 


BE (More Accurate) 


Ve = Vec = le Re 


Cc. 


d. 


large base voltage. 


none of the above. 


12. The @,, of a transistor equals 


a. 
b. 
c. 


d. 


Ile. 
es 
l/l 
I/Iy- 


13. For a transistor operating in the 
active region, 


a. 


b. 


Cc. 


d. 


lo = Poc X Ip. 
Vec has little or no effect on the 
value of hç. 


le is controlled solely by Vcc. 


both a and b. 


14. In a transistor amplifier, what 
happens to the collector voltage, 
Vc, when the collector current, lc, 
increases? 


a. 
b. 
c. 


d. 


V- increases. 
V- stays the same. 
V- decreases. 


It cannot be determined. 


15. With voltage divider bias, how much is 
the collector-emitter voltage, Vcg, 
when the transistor is cut off? 


a: 
b. 
c. 


d. 


Vee = 2 Vec- 

Vee = Vec- 

Ve =OV. 

none of the above. 


16. On the schematic symbol of a pnp 
transistor, 


a. 


b. 


the arrow points out on the 
emitter lead. 


the arrow points out on the 
collector lead. 


. the arrow points in on the base lead. 


. the arrow points in on the emitter 


ead. 
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17. What is the fpc of a transistor whose & les 
Apc is 0.996? d. lp. 


a. 249. 
b. 100. 
c. approximately 1. 


d. It cannot be determined. 


c. no pn junctions. 


18. In a transistor, which current is the 
largest? 


a. le. 


b. Ip. 


Essay Questions 


1. How do the biasing polarities differ between npn and pnp 
transistors? 


2. Inatransistor, which current is called the recombination 
current? 


3. Why does base bias produce such an unstable Q point? 


When a transistor is operating in the active region, why 
is the collector considered a current source? 


Problems 


SECTION 29-1 TRANSISTOR CONSTRUCTION 


29-1 Explain the characteristics and purpose of each of the 
following regions in a transistor: 


a. emitter. 
b. base. 


c. collector. 


29-2 


n an npn transistor, what are the majority and 
minority current carriers in the 


a. emitter? 
b. base? 


c. collector? 


29-3 Repeat Prob. 29-2 for a pnp transistor. 

29-4 What are the barrier potentials for the base-emitter 
(BE) and collector-base (CB) junctions in a silicon 

transistor? 

29-5 In which direction does the arrow point on the emitter 

ead when viewing the schematic symbol of a(n) 


a. npn transistor? 


b. pnp transistor? 


SECTION 29-2 PROPER TRANSISTOR BIASING 
29-6 Explain how the BE and CB junctions of a transistor 
must be biased for a transistor to function properly as 


an amplifier. 


29-7 Ina transistor, why is the base current called 
recombination current? 
29-8 In an npn transistor, explain why most of the emitter- 


injected electrons pass through the base region and 
on to the collector. 


Bipolar Junction Transistors 


19.A bipolar junction transistor has 
a. only one p-n junction. 


b. three p-n junctions. 


20. The endpoints of a DC load line are 
labeled 


a. leg and Veg. 
b. legan and Veen: 
C. leom and Veega- 


d. none of the above. 


d. two pn junctions. 


5 s Boc 
5. Derive the equation ape = 777- 
q sa +B 
6. Define the following regions of operation for a 


transistor: a. active region b. saturation region c. cutoff 
region d. breakdown region. 


7. | What is the purpose of drawing a DC load line? 


29-9 Solve for the unknown transistor current in each of 
the following cases: 


a. |-=1mA,l,=5 pA, =? 
b. I, = 50 pA, lc = 2.25 mA, |. =? 
c. le = 40 mA, l; = 40.5 mA, l =? 
d. l= 2.7 A, la = 30 mA, L=? 

e. [= 3.65 mA, le = 3.75 mA, l=? 
f. la =90 pA, |. = 20.25 mA, |, =? 


29-10 Calculate the DC alpha (@,,) for each set of current 
values listed in Prob. 29-9. 


29-11 Calculate the DC beta (,,) for each set of current 
values listed in Prob. 29-9. 


29-12 A transistor has a base current, /,, of 15 uA. How much 
is the collector current, le, if the transistor has a fy. of 
a. 50? 
b. 100? 
c. 150? 
d. 200? 


29-13 A transistor has a collector current, lc, of 10 mA. How 
much is the base current, lg, if the transistor has a Jpc of 


a. 50? 

b. 100? 

c. 200? 

d. 250? 

29-14 Calculate the DC alpha (a@,,) for each of the following 

values of Jpc: 

a. 50. 

b. 125. 

c. 250. 
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29-15 Calculate the DC beta (Abo) for each of the following 
values of 5c: 


a. 0.9875. 
b. 0.996. 
ec. 0.9975; 


SECTION 29-3 TRANSISTOR OPERATING REGIONS 


29-16 When a transistor operates in the active region, does 
the collector current, lc, respond to changes in 


a. Voc? 
b. /,? 


29-17 In what region of operation does the collector of a 
transistor act like a current source? 


29-18 In what region is a transistor operating if the collector 
current is zero? 


29-19 When a transistor is saturated, is /. controlled solely 
by lg? 


29-20 How much is Va when a transistor is saturated? 


29-21 What is the ideal internal impedance of the collector 
current source in Fig. 29—7b? 


SECTION 29-4 TRANSISTOR RATINGS 


29-22 Calculate the power dissipation, P}, in a transistor for 
each of the following values of V and le: 


a. Vee = 5 V, le = 20 mA. 

b. Veg = 20V, Ic = 50 mA. 
c. Veg = 24V, le = 300 mA. 
d. Va = 30V, l- = 600 mA. 


29-23 A transistor has a power rating of 1.5 W at an ambient 
temperature, T,, of 25°C. If the derate factor is 
12 mW/°C, what is the transistors power rating at 
each of the following temperatures? 


a. 50°C. 
De 75°C: 
c. 100°C. 
d. 125°C. 
e. 150°C. 


29-24 A transistor has a power rating of 2 W. Calculate the 
maximum allowable collector current, legna, for each 
of the following values of Va: 


a. 5V. 
b. 12V. 
G 25'V. 


SECTION 29-5 CHECKING A TRANSISTOR WITH 
AN OHMMETER 


29-25 When testing the BE and CB junctions of a silicon 
transistor with an analog ohmmeter, what should the 
meter show for both polarities of the meter leads if the 


diode is 
a. good? 
b. shorted? 


c. open? 
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29-26 What should an analog ohmmeter read for both 
polarities of the meter leads when measuring across 
the collector and emitter leads of a transistor? 


29-27 Why do most DMMss have a special diode range for 
checking diodes and transistor junctions? 


SECTION 29-6 TRANSISTOR BIASING TECHNIQUES 
29-28 What form of bias is shown in Fig. 29-25? 


29-29 In Fig. 29-25, solve for the following: 
a. lg- 
b. Ie. 
Vers 


oO 


a 


i lega ‘i 


e. Veen: 


Figure 29-25 


Veg =12V 


Ro =12kQ 
R, = 220 kQ 


Poc = 100 


29-30 Draw a DC load line for the transistor circuit in 
Fig. 29-25, and indicate the values of legap» Veror» l 
and Veo on the load line. 


ca 
29-31 In Fig. 29-25, recalculate the values of lg, lc, and Ve, if 
Boc = 150. 


29-32 In Fig. 29-26, solve for the following: 


a. lg: 


b. le: 
6. Voe 
< degay 


e. Veem- 


Figure 29-26 


Veg = 24V 


R= 15 kQ 
R, = 680 kQ 


Poc = 200 
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29-33 Recalculate the values in Prob. 29-32 if R-= 1 kQ. 


29-34 In Fig. 29-27, what value of R, will produce an leo of 
3.75 mA and a Vera of 9 V? 


Figure 29-27 


Veg = 18 V 


Ro =2.4kQ 


Boc = 150 


29-35 What form of bias is shown in Fig. 29—28? 


29-36 In Fig. 29—28, solve for the following: 


oe 
= 


FG *~AM aA 


Figure 29-28 


Veg = 24V 


Ro =1kQ 
R =8.2 kQ 


Boc = 100 


Ry =1.2 KQ R, = 240 Q 


29-37 Draw a DC load line for the transistor circuit in 
Fig. 29—28, and indicate the values of legan» Veer» lco 
and V-¢q on the load line. 


Bipolar Junction Transistors 


29-38 In Fig. 29-29, solve for the following: 


o wu 
m 


CE 


lega z 


a hopoan 


CE(off)* 


Figure 29-29 


Veg = 10 V 


Ro =1kO 
R,=8.2kQ 


Poc = 150 


R,=3.3kQ R, = 750Q 


29-39 For the pnp transistor in Fig. 29—30, solve for the 


following: 
a. Vz. 
b. E 
Ce des 
d. Ve: 
e. Vee. 
f- lega: 
g. Vceor) 
Figure 29-30 
-V = 20V 
Ro = 15 kQ 
R, = 6.8 kQ 
Boe = 200 
Ry = 2.2 kQ R.=1kQ 
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29-40 What form of bias is shown in Fig. 29-31? 


Figure 29-31 
+Vog = 12 V 
Ro =1kQ 
Poc = 200 
Ry = 1.5 kQ R =1kKQ 
-V = 6 V 


29-41 In Fig. 29-31, solve for lg and Vo. 


29-42 Recalculate the values in Fig. 29-31 if Re = 1.5 kQ. 


Answers to Self-Reviews 29-1 a. the emitter region 
b. the collector region 
c. the base region 
d.the emitter lead 


29-2 a. forward/reverse 


b. 120 uA 
c. 0.992 
d. 180 


29-3 a. the active region 
b. the cutoff region 


ona 


Laboratory Application Assignment 


In this lab application assignment, you will examine two different 
biasing techniques used with transistors: base bias and voltage 
divider bias. You will see that with base bias, /. and V., are beta- 
dependent values, whereas with voltage divider bias they are not. 


Equipment: Obtain the following items from your instructor. 


* Two 2N2222A npn transistors or equivalent 
* DMM 

+ Assortment of carbon-film resistors 

+ Variable dc power supply 


Beta, P pc 


Many handheld and bench-top DM Ms available today are 
capable of measuring the DC beta of a transistor. If your DMM 
has this capability, measure and record the DC beta of each npn 
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29-4 a.4.5 W 
b. 600 mW 


29-5 a.true 
b. false 


29-6 a. false 
b. increases 
c.24V 


transistor supplied to you for this experiment. Keep each 


transistor separate. 


Qi Poc = 
Qz Poc = 


Base Bias 


Examine the circuit in Fig. 29—32. Calculate and record the 
following DC values for each of the two transistor betas: 


Chapter 29 


Figure 29-32 


+V = 15 V 


R, = 390 KQ 


a Vo 


Construct the circuit in Fig. 29-32. Measure and record the 
following DC values for each of the two transistors: 


Q, Q, 
h= h= 
kc k 

Ver Vor 


Voltage Divider Bias 


Examine the circuit in Fig. 29-33. Calculate and record the 
following circuit values: 


Ee = — Veg = 


Construct the circuit in Fig. 29-33. Measure the following 
circuit values using Q, as the transistor: 


Vee = 


Design credit Multisim: OStockbyte/Getty Images 


Bipolar Junction Transistors 


Figure 29-33 
+V =15V 
R =12kQ R =1.5 kQ 
Vo 
Ve 
Ve 
R,=27kQ R. = 3902 


Replace Q, with Q, and repeat the measurements listed. 


V= 
Væ = 


Which form of bias produces more stable results, base bias or 
voltage divider bias? 


Explain your answer. 
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30 


Transistor 
Amplifiers 


he biasing of a transistor deals specifically with DC voltages and currents. The 

purpose of the DC bias is to establish the desired Q point so that the correct 
variations in base and collector currents are possible when an AC signal is applied as 
an input to the amplifier. The AC signal driving the amplifier forces the operating 
point to swing above and below the designated Q point, thereby producing an AC 
output voltage. The AC output voltage is typically much larger than the AC signal 
driving the input to the amplifier. The input signal applied to the amplifier should not 
be so large that it shifts the instantaneous operating point to either saturation or 
cutoff. In this chapter, you will learn about the common-emitter, common-collector, 
and common-base amplifiers. As you will learn, each amplifier configuration has its 
own unique characteristics. E 


ir e 


30-1 AC Resistance of a Diode 
30-2 Small Signal Amplifier Operation 
30-3 AC Equivalent Circuit of a CE Amplifier 


30-4 Calculating the Voltage Gain, Ay, of a 
CE Amplifier 


30-5 Calculating the Input and Output 
Impedances in a CE Amplifier 


30-6 Common-Collector Amplifier 

30-7 ACAnalysis of an Emitter Follower 
30-8 
30-9 Common-Base Amplifier 


30-10 AC Analysis of aCommon-Base 
Amplifier 


Emitter Follower Applications 


DH Ghapter objectives 


After studying this chapter, you should be able to 


® Calculate the AC resistance of a diode when 
the DC diode current is known. 

® Calculate the AC resistance of the emitter 
diode in a transistor when the DC emitter 
current is known. 

Œ Define the term AC beta, p. 

Æ Explain how a common-emitter amplifier can 
amplify an AC signal. 

mg List the characteristics of a common-emitter 
amplifier. 

Ææ Draw the AC equivalent circuit of a common- 
emitter amplifier. 

Œ Calculate the voltage gain, input impedance, 
and output impedance of a common-emitter 
amplifier. 

m Explain the effects of a swamping resistor in 
a common-emitter amplifier. 


™ Define a small AC signal as it relates to a 
transistor amplifier. 

List the characteristics of a common-collector 
amplifier. 

m Draw the AC equivalent circuit of a common- 
collector amplifier. 

B® Calculate the voltage gain, input impedance, 
and output impedance of a common- 
collector amplifier. 

Æ Explain the main applications of an emitter 
follower. 


m= List the characteristics of a common-base 
amplifier. 

m Draw the AC equivalent circuit of a common- 
base amplifier. 


= Calculate the voltage gain, input impedance, and 
output impedance of a common-base amplifier. 


AC beta 


AC equivalent circuit 

common-base amplifier 

common-collector 
amplifier 


common-emitter 
amplifier 

current gain, A, 

emitter bypass 
capacitor, Ce 


emitter follower 
input impedance, Z,, 
output impedance, Z u 
power gain, A, 

small signal 


swamping resistor 
voltage gain, Ay 
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30-1 AC Resistance of a Diode 


Figure 30-1a shows a DC source in series with an AC source. Together, both sources 
supply current to the diode, D,. The DC source provides the forward bias for D,, while 
the AC source produces fluctuations in the diode current. The graph in Fig. 30-1b 
illustrates how the diode current varies with the AC voltage. The AC source can pro- 
duce fluctuations in diode current because its alternating voltage is, in fact, producing 
slight variations in the amount of forward bias for the diode, D,. The fluctuations in 
diode current are usually quite small compared to the DC diode current. 

For small AC signals, the diode acts like a resistance. (The term small signal is 
generally meant to be a signal that has a peak-to-peak current equal to or less than 
one-tenth the DC diode current.) The AC resistance for a diode is calculated using 
Formula (30-1): 


hyo = 25 pe (30-1) 
d 
where r,c represents the AC resistance of the diode to small AC signals and I, rep- 
resents the DC diode current. Note that as the DC diode current, /,, increases, the 
AC resistance decreases. 
The derivation of Formula (30-1) is quite lengthy, and because it involves the use 
of calculus, it is beyond the scope of this book. 


Figure 30-1 = Combining AC and DC voltages in a diode circuit. (a) Vọc¢ provides a steady 
DC voltage that forward-biases the diode D,. The AC voltage source produces fluctuations in 
the amount of forward bias. (b) Graph of V; versus /, showing AC variations. 


R 
| | AC current 
LMA S Y y eee = AC diode 
Vac current, I, 
+o e h-s 
V, E ni 
o7 == 
10V -S 
| 3 H AC voltage 
V+ (volts) 
(a) (b) 


Example 30-1 


For the diode circuit shown in Fig. 30-1, calculate the AC resistance, r,., for 
the following values of R: (a) 10 KQ, (b) 5 KQ, and (c) 1 KQ. Use the second 
approximation of a diode. 


ANSWER First calculate the DC diode current for each value of R: 


Voc — 0.7 V 
(a) y= a 


_10V-07V 
10kQ 
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GOOD TO KNOW 


: ' 
In practice, the value of r', may 


25mV, 50 mV 
range from E to i 
lz E 


Transistor Amplifiers 


_93V 
10 kQ 


= 0.93 mA 
(b) = ON = OTN 


_93V 
5 kQ 


= 1.86 mA 


Ore a 


93 
1kQ 
=9.3mA 


Next, use Formula (30-1) to calculate the AC resistance, r,.., for each value of 
DC diode current: 


(a) ro = mV 
d 


— 25 mV 
0.93 mA 
= 26.88 Q 


2 
(b) rac = EEN 


=134 Q 
25 mV 
() re = 93 mA 
= 2.69 Q 
This example confirms that the diodes’ AC resistance, 7,., decreases for 


higher values of DC diode current. The reason for the decrease in r, is that the 
slope of the diode curve is steeper for higher values of diode current. 


AC Resistance of Emitter Diode 


Since the emitter-base junction of a transistor is forward-biased, it too will act like a 
small AC resistance (illustrated in the diagram of Fig. 30-2). The resistance of the 
emitter diode is represented as r’, rather than r,,. The DC current through the diode 
equals the emitter current, /,,. Use this value when calculating the resistance, r’, as 
shown in Formula (30-2): 


r, =23 my (30-2) 
e Ig 
where r’, represents the AC resistance of the emitter diode and J, is the DC emitter 
current. 
When analyzing a common-emitter amplifier, it is common practice to repre- 
sent the emitter diode as a small resistance. By doing this, important characteris- 
tics of an amplifier, such as its voltage gain and input impedance, can be 


calculated. 
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GOOD TO KNOW 


There are other, more accurate, 
transistor equivalent circuits 
(models) in addition to the one 
shown in Fig. 30-2. A highly 
accurate model will include 
something called the base 
spreading resistance, r‘, and the 
internal resistance, r’, of the 
collector current source. These 
other models are used when very 


precise answers are required. 
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Figure 30-2 Equivalent circuit showing the AC resistance of an emitter diode. The AC 
resistance is designated r’. 


+Voc 


Re 


Collector terminal (C) 


Collector current source 
Io=Boc X Ip 

Base terminal 
(B) 


I 
1 r} represents the AC 
Fa i resistance of the emitter 
1 diode 
I 


Emitter terminal (E) 


R: 


E 30-7 Self-Review 


Answers at the end of the chapter. 


a. Does the AC resistance of a diode increase or decrease with an 
increase in the DC diode current? 

b. A small AC signal is one whose peak-to-peak current is (one-tenth/ 
ten times) that of the DC emitter current. 

c. What is the formula for the AC resistance of the emitter diode? 


30-2 Small Signal Amplifier Operation 


Figure 30-3a shows a common-emitter amplifier. Notice the capacitors C,, and Cp. 
Cis an input coupling capacitor that couples the AC generator voltage to the base 
of the transistor. The internal resistance of the generator will not affect the DC bias 
of the transistor circuit because the capacitor, C;,, blocks DC. C, is called an emitter 
bypass capacitor. It provides a low-impedance path for AC signals between the 
emitter terminal and ground. 

The AC source driving the base of the transistor produces sinusoidal 
variations in the base current, /,. This, in turn, provides variations in the 
collector current, Jo. Notice in Fig. 30—3a that the AC base voltage is riding 
on a DC axis, which is actually the DC base voltage to ground. Notice also 
that the bypass capacitor, C,, makes the AC signal voltage zero at the emitter 
terminal. C, and R, have a long time constant compared to the period of the 
input waveform. 

When the AC signal voltage driving the base goes positive, the forward bias 
for the transistor increases. This causes the base current, /,, and the collector 
current, Jo, to increase. Likewise, when the AC signal voltage driving the base 
goes negative, the forward bias for the transistor decreases, causing J, and Ze 
to decrease. 
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Figure 30-3 Common-emitter amplifier. (a) Circuit. (b) DC load line showing 
how the operating point is shifted by the AC signal. 


+V ec = 15 V 


Vi, = 10 mV, 


The emitter bypass capacitor holds the emitter constant, as shown in Fig. 30-3a. 
Thus, when the base voltage varies and the emitter voltage is held constant, the 
change is directly across the base-emitter junction of the transistor. 


AC Beta 


The ratio of AC collector current to AC base current is called the AC beta, usually 
symbolized as J. This is expressed as 


where J equals the AC beta and i, and i, represent the AC values of collector and 
base current, respectively. The AC beta is the AC current gain of a transistor. Jpc and 
f are usually quite close in value. 

Figure 30-3b shows how the operating point moves up and down the DC load 
line with changes in /, and J... For small signal operation, only a small portion of the 
DC load line is used. 
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GOOD TO KNOW 


The current gain, A,, of a common- 
emitter amplifier equals the ratio 


of output current, iw» to the input 


out? 
current, ip. The output current, 
however, is not i, as you might 
think. The output current is the 
current flowing in the load, R,. 
The formula for A; is derived as 


follows: 


A = = or Å= ve 
This simplifies to 
A,=Ay xX Zin 

i Ri 
(You will learn how to calculate 
Z,, in an upcoming section in this 


chapter.) 
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Calculating the DC Quantities 


Before examining exactly how the common-emitter circuit in Fig. 30-3a amplifies 
the AC signal applied to the base, first calculate the DC voltages and currents: 


R 
es al 
_ 3.6 kQ 
— 7k + 3.6m * > V 
=2:5 V 
Vi = Va — Vos 
=25V-0.7V 
=1.8 V 
x 
-18V 
240 Q 
=7.5 mA 
Ve = Voc — [eRe 
= 15 V — (7.5 mA x 1 kQ) 
=15V-7.5V 
=7.5 V 
Finally, 


Ves = Vec — le (Re + Re) 
= 15 V — 7.5 mA (1 kQ + 240 Q) 
=15 V -9.3 V 
=5.7 V 
The voltages V}, Vg, and V, are shown in Fig. 30-3a. All voltages are specified 
with respect to ground. 


Amplifying the Input Signal 


Figure 30-4 shows a graph of J, versus V,,, for the transistor in the common-emitter 
circuit of Fig. 30—3a. Notice the sinusoidal variations in V,,,, and /,,. When V, is zero, 
Vs = 0.7 V and J, = 7.5 mA. When V,, is increased to 0.705 V by the AC source, 
Iy increases to 9 mA. Likewise, when the AC source decreases V,,, to 0.695 V, I, 
decreases to 6 mA. At the instant J, equals 9 mA, Vo equals 15 V — (9 mA x 
1 KQ) = 6 V. When X equals 6 mA, V, equals 15 V — (6 mA x 1 KQ) = 9 V. The 
voltage and current values illustrated here are very real and do exist for the circuit 
shown in Fig. 30—3a. 


Figure 30-4 Graph of |, versus Vg for the common-emitter amplifier circuit in Fig. 30-3. 
k 
9 mA(pk) 
7.5 mA 


6 mA(pk) 
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Voltage Gain, A, 


Notice how a very small AC voltage of 10 mV, (0.705 V — 0.695 V) across the BE 
junction produces a very large change in the collector current, Jo. This in turn pro- 
duces very large changes in the AC voltage at the collector. 

For the circuit in Fig. 30—3a, the output voltage has a peak-to-peak value of 9 V — 
6 V =3 V „p The input voltage is 0.705 V — 0.695 V = 10 mV, ,. The ratio of output 


voltage, Vw to input voltage, v,,, is called the voltage gain, usually designed Ay. 
The voltage gain, Áy, is calculated as shown in Formula (30-3): 
Ay =" (30-3) 


where A, equals voltage gain, v,,, equals peak-to-peak output voltage, and v; is the 
peak-to-peak input voltage. For Fig. 30—3a, Ay is calculated as 
v 
Ay =e 
= 3 Vis 
10 mV,p 
= 300 
Note one more point: In Fig. 30-4, Vgs has a value of 0.7 V when v; is zero. This 
is correct, but it should be pointed out that in Fig. 30—3a, V; is rock solid at +1.8 V 
because of the emitter bypass capacitor, C,. Vg is varying +5 mV above and below 
the DC base voltage of 2.5 V to provide the variation in forward bias for the transis- 
tor. This V,, variation produces the variations in the collector current, Io. 


Example 30-2 


A common-emitter amplifier circuit similar to Fig. 30-3a has an input of 
25 mV p and an output of 5 Vpr Calculate Aņ. 


ANSWER Using Formula (30-3), the calculations are 


Example 30-3 


In Fig. 30-3a, assume Ay still equals 300. If v,, = 5 mV „„ calculate v w 


P-P?’ 


ANSWER Formula (30-3) must be rearranged to solve for v,,,: 


out* 


Vout = Ay x Vin 
= 300 x 5mV,,, 
215 V, 
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GOOD TO KNOW 


The output of a power supply 
(such as V.) normally contains a 
very large electrolytic capacitor 
such as 1000 uF or more. This 
means that any AC signal will be 
effectively bypassed at the power 
supply terminals. Because of this, 
a power supply can be considered 
as an AC short when analyzing 


transistor amplifiers. 


GOOD TO KNOW 


Even though the emitter resistor, 
R,, in Fig. 30-5 does not appear 
in the equation for A\, its value 
indirectly affects the voltage gain 
of the circuit. For example, if the 
value of R; is reduced, lę 
increases, r’, decreases, and in 
turn Ay increases. Conversely, if 
R, is increased, |, decreases, r’, 


increases, and A, decreases. 
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Phase Inversion 


In Fig. 30-3, it is important to note that the AC input and output voltages are 180° 
out of phase. The reason is that when v,, goes positive, Jc increases, causing Vog to 
decrease. Likewise, when v,, decreases, Jo decreases, causing Vog to increase. The 


common-emitter amplifier is the only transistor amplifier configuration that pro- 
duces a 180° phase shift between v,,, and Vou 


in 


E 30-2 Self-Review 


Answers at the end of the chapter. 


a. Inacommon-emitter amplifier, what is the phase relationship 
between the AC input and output voltages? 

b. In Fig. 30-3a, how much AC signal is present at the emitter terminal 
of the transistor? 


30-3 AC Equivalent Circuit of 
a CE Amplifier 


When analyzing transistor amplifier circuits, it is commonplace to draw the AC 
equivalent circuit. Figure 30-5 shows the AC equivalent circuit for the CE ampli- 
fier in Fig. 30-3. Notice the following points shown in the AC equivalent circuit of 
Fig. 30-5a: 


1. C, and C, appear as AC short circuits because the X, values of these 
capacitors is assumed to be zero for AC operation. 

2. Vec has been reduced to zero because it provides a very low impedance 
path for AC signals. 

3. The emitter diode has been replaced with its equivalent AC resistance, 
T’ Of 3.33 Q equal to 25 mV/7.5 mA. 

4. The biasing resistors, R, and R,, are shown in parallel because Voc 
appears as a short to AC signals. 


A simplified and more condensed version of the AC equivalent circuit is shown 
in Fig. 30-5b. Notice that the input voltage v,, of 10 mV „„ appears directly across 
the AC resistance (r’,) of the emitter diode. Also, notice that the output is directly 
across the collector resistance, Rc. 


E 30-3 Self-Review 
Answers at the end of the chapter. 


a. In the AC equivalent circuit of a CE amplifier, all capacitors are 
treated as a(n) (short/open) to AC signals. 

b. In the AC equivalent circuit of a CE amplifier, how is the DC supply 
voltage represented? 


30-4 Calculating the Voltage Gain, A ,, 
of a CE Amplifier 


The AC equivalent circuit is used to help understand the AC operation of the com- 
mon-emitter amplifier circuit. To calculate the amount of voltage gain, Ay, for the 
CE amplifier in Fig. 30-3, use the AC equivalent circuit in Fig. 30-55. Remember 
that the voltage gain, Ay, is expressed as 

Ay = = 


in 
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Figure 30-5 AC equivalent circuit for the common-emitter amplifier in Fig. 30-3. (a) AC 
equivalent circuit showing Vec, Ga, and C as AC shorts. (b) Condensed version of AC equivalent 
circuit. 


Vec reduced to zero 


AC 
short 


Vin = 10 MVpp 


(b) 


In Fig. 30-5b, the output equals the AC voltage across the collector resistor, Ro. 
This can be expressed as 


Vout = Ice 


oO 


Likewise, in Fig. 30-5b, the input voltage, v. 
emitter resistance, r’,. This is shown as 


of 10 mV, is directly across the 


in? 


A formula for Ay can now be derived: 


Ay => 


out 


=F (30-4) 
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For the values shown in Fig. 30-5b, 


R 
Ay = 


e 


__1kQ 
3.33 Q 


= 300 
Since Ay = 300, 


Vout = Ay x Vin 
= 300 x 10 mV, , 
=3 View 


The Effects of Connecting a Load Resistor, R, 


Figure 30-6 shows the effects of adding a load resistor, R,, to the collector circuit. 
Since the output coupling capacitor appears as a short circuit for AC operation, Re 


Figure 30-6 Connecting a load resistor, R,, to the output of a common-emitter 
amplifier circuit. (a) Original circuit. (b) AC equivalent circuit. 


4+Vec = 15 V 


R =1.5 KQ 


Vin = 10 MV, p 


Vn = 10 MV, p 
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GOOD TO KNOW 


The power gain, A,, of a CE 
amplifier equals Ay X A;. Since A, 


in 


Ry? 


can be expressed as A; = Ay X 


then A, can be expressed as 


in 


R, 


A, =Ay xX Ay X 


Transistor Amplifiers 


and R, appear in parallel (see the AC equivalent circuit in Fig. 30-6). The voltage 
gain, Ay, now is 


icr, 
Ay =- 
ior 


= (30-5) 


where 7, indicates the parallel combination of Ro and R,. In Fig. 30-6, r, is 
calculated as 
RXR 
~ Rot R, 
— LkQ x 1.5 kQ 
1 KQ + 1.5 KQ 
= 600 Q 


r 


Now calculate the value of Ay that exists with the load, R,, connected: 


= 180 x 10 mV,,, 
=18V,, 


Notice that Ay and v,,, are reduced when the resistance in the collector circuit is 
decreased. 


Swamped Amplifier 


The equivalent AC resistance, r’., of the emitter diode, calculated as 25 mV/I,, is a 
rough approximation. The actual value of r’, may vary with the type of transistor 
used, a shift in circuit bias, or fluctuations in temperature. With any change in r’, Ay 
may vary drastically. This is undesirable. 

One way to greatly reduce the variations in A, caused by changes in r’, is to add 
a swamping resistor in the emitter circuit, as shown in Fig. 30—7a. It is important 
to note that this is still the same circuit, as shown in Fig. 30-3, but the emitter resis- 
tor is split into two values of 180 Q and 60 Q. Especially important is the fact that 
only the lower 180-Q resistor is bypassed. This is illustrated in the AC equivalent 
circuit shown in Fig. 30-7b. With a swamping resistor in the emitter circuit, the 
voltage gain equals 


Ay = = 

= icr, 

T ire + Te) 

which reduces to 

=e — 

Ay = AT (30-6) 
For Fig. 30-7a, the voltage gain A, is calculated as follows: 

a, Ste 
A= r'o +r 

= 600 Q 

3.33 Q+ 60 Q 
= 9.47 
977 
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If rẹ is very large in relation to r’, the equation for the voltage gain, Ay, 


simplifies to 


r 
Ay = 
v= TF, 


where r, represents the unbypassed resistance in the emitter circuit. 


Example 30-4 


In Fig. 30-6, assume that r’, varies from 3.33 Q to 6.67 Q as the temperature of 
the transistor changes. Calculate the variation in the voltage gain, Ay. 


ANSWER We recall from our previous calculations that A, = 180 when r’, 
is 3.33 Q. To calculate A, with r’, = 6.67 Q, proceed as follows: 


This is a 2:1 variation in Ay, which indicates that A, is quite unpredictable due 
to possible fluctuations in r’. 


Example 30-5 


Assume that r’, fluctuates from 3.33 Q to 6.67 Q in Fig. 30—7a. Calculate the 
minimum and maximum values for Ay. 


ANSWER The maximum voltage gain, Ay, occurs when r’, = 3.33 Q. The 
voltage gain for this value was calculated earlier as 9.47. 
To calculate the minimum voltage gain, Ay, when r’, = 6.67 Q, proceed as 
follows: 
=u. 
r +r 
= 600 
6.67 Q + 60Q 
=9 


Ay 


Notice that the swamping resistor r, has stabilized the voltage gain, A,, by 
swamping out the effects of r'.. 


Swamping Resistor Reduces Distortion 


Adding a swamping resistor to the emitter circuit also reduces the distortion signifi- 
cantly. Without the swamping resistor, all of the input signal would appear across 
the emitter diode, which has a nonlinear V,,, versus J, curve. For most small signal 
conditions, this distortion is insignificant because only a very small portion of the 
diode curve is used. However, as the signal levels increase, a larger portion of the 
emitter diode curve is used, resulting in more distortion. 
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To summarize, a swamping resistor produces two very desirable effects: 


1. The voltage gain, Ay, is stabilized. 
2. Distortion is reduced. 


E 30-4 Self-Review 
Answers at the end of the chapter. 
a. In Fig. 30-5b, how much is Ay if Ro = 1.2 kQ? 
In Fig. 30-6a, how much is Ay if Rc = 1.2 KQ? 


c. List two advantages of a swamping resistor in a common-emitter 
amplifier. 


30-5 Calculating the Input and Output 
Impedances in a CE Amplifier 


Any impedance in the emitter circuit of a CE amplifier appears greater by a factor 
of beta (f) when viewed from the base. The reason for this is that the base current, 
i,, is smaller than the emitter current, i,, by a factor of beta. 

In Fig. 30-6, the input voltage v,, is 


Vin = 10h, 


Since the current on the input side is i,, i, = i. Therefore, 
y; 
Zin(base) = = (30-7) 
in 


_ ire 


ly 


: i 
since = = p, then, 
b 
Zin(base) = pr’. (30-8) 


The input impedance of an amplifier is the input impedance seen by the AC 
source driving the amplifier. Therefore, in Fig. 30-6, the biasing resistors, R, and R,, 
are included as follows: 


Zin = Zin(base) || R; II R, (30-9) 
In Fig. 30-6, Zingasey aNd Zi, are calculated as follows: 
Zin(base) = pr. 


= 200 x 3.33 Q 
= 667 Q 


Zin includes the effects of the biasing resistors, R, and R,. 


Zin = Zin(base) Il R; II R 
= 667 Q || 18 KQ || 3.6 KQ 
= 545.6 Q 


Effect of Swamping Resistance on Znas and Z,, 


The effects of the swamping resistance on z,, can now be determined. For the ampli- 
fier in Fig. 30-7, z is calculated as 


in(base) 


Zintase) = P(re + re) (30-10) 
= 200 (3.33 Q + 60 Q) 
= 200 x 63.33 Q 
= 12.67 KQ 
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Figure 30-7 Adding a swamping resistor, r. (a) Original circuit. (b) AC 


equivalent circuit. 


+Veg = 15 V 


R, = 18 kO 


Boe = 200 R, = 15 kQ 
re =60Q 


240 Q9 
Total DC 
resistance 


Va = 10 mV, R,=3.6 KQ 


Vout = 100 MV pp 


fo) 


A 


r= 6002 


Vn = 10 MV,,.p 


(6) 


Notice that z has increased significantly. z; is calculated as 


in(base) 
Zin = incase) | R, I| R, 
= 12.67 KQ || 18 KQ || 3.6 KQ 
= 2.425 kQ 
Notice the effect of the swamping resistor, rg, ON Zin: Fg increases Zinwase) ANA Zin 
substantially. 


Output Impedance, z,,, 


The output impedance, z,,,, of a CE amplifier equals the value of the collector 
resistor, Ro, but does not include the load resistor, R,. This is because the load, R,, 
is driven by the amplifier. In Fig. 30-7, z,,, = Re = 1 KQ. 


‘out 


Generator Impedance, R; 


In most cases, the AC source driving an amplifier will have some internal imped- 
ance that must be taken into account. The generator impedance prevents all of the 
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AC voltage from reaching the input of the amplifier. Actually, the generator imped- 
ance and the input impedance of the amplifier form a voltage divider, thus reducing 
the amount of AC voltage at the base. 


E 30-5 Self-Review 


Answers at the end of the chapter. 


a. For acommon-emitter amplifier, which is larger, Zppase) OF Zn? 

b. How does the addition of a swamping resistor affect the input 
impedance of a common-emitter amplifier? 

c. In Fig. 30-7, what is the output impedance of the amplifier? 


30-6 Common-Collector Amplifier 


The common-collector amplifier is used to provide current gain and power gain. 
The voltage gain equals approximately one, or unity. As the name implies, the col- 
lector is common to both the input and output sides of the amplifier. The input sig- 
nal is applied to the base, while the output is taken from the emitter. The output 
signal at the emitter is in phase with the input signal applied to the base. Because the 
output signal follows the input signal, the common-collector amplifier is usually 
referred to as an emitter follower. Another important characteristic of the emitter 
follower is that it has a high input impedance and a low output impedance, which 
make it ideal for impedance matching applications. 


DC Analysis of an Emitter Follower 


Figure 30—8a shows a common-collector amplifier circuit. Notice that the amplifier 
uses voltage divider bias and that the collector of the transistor is connected directly 
to Vcc- Because the collector is connected directly to Voc, it is at AC ground. 

To calculate the DC voltages and currents, proceed as follows. 

The base voltage is calculated as 


R, 
V3 = Rik Voc (30-11) 
_ 5.6 kQ 
Tm SOR 
=8.15V 
The DC emitter voltage is 
Ve= Vg — Ve (30-12) 
=8.15V-0.7V 
= 7.45 V 
Next, calculate the DC emitter current, J}: 
Ve 
I, R. (30-13) 
— 7.45 V 
1kQ 
= 7.45 mA 


Since J, © Ie, Io = 7.45 mA. 


Next, calculate the collector-emitter voltage, Vog: 
Vor = Vec ~ Ve (30-14) 
=15V-745V 
=7.55 V 


It is important to note that the collector voltage, V., equals +15 V with respect to 
ground because of its direct connection to Vec. The values of Vp, Vg and V, are 
shown in the diagram of Fig. 30-8a. 
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GOOD TO KNOW 


In some emitter follower circuits, a 
small collector resistance is used 
to limit the DC collector current in 
case a short occurs between the 
emitter and ground. If a small Ro is 
used, the collector will also have a 
bypass capacitor going to ground. 
The small value of R_ will have only 
a slight bearing on the DC 
operation of the circuit and no 
bearing at all on the circuit's AC 


operation. 
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Figure 30-8 Common-collector amplifier. The circuit is also called an emitter follower. 
(a) Circuit. (b) DC load line showing legap» Vceom lo and Vee. 


+Voec=15V 


Vaci Vap R, =10KQ 
(a) 
Vec 
Teisat = Re = 15 mA 
Ie =7.45 mA Q Point 
Uo) 
Vog = 7.55 V Verom = Yoc =15 V 

(Vee) 
(b) 


DC Load Line 


Figure 30-8b shows the DC load line. The endpoints are calculated using Formu- 
las (30-15) and (30-16): 


Tay = FE (30-15) 
Vorot = Vec (30-16) 


To obtain Formula (30-15), envision the collector-emitter terminals shorted; for 
Formula (30-16), envision the collector-emitter terminals open. For the DC load 
line in Fig. 30-8b, the endpoints of the DC load line are calculated as follows: 

I Vec 


(sat) = Rg 
= 15 V 
Vor (ott) = Vec 


=15V 


The endpoints of Zega) = 15 MA and Vegi) = 15 V are plotted on the DC load 
line in Fig. 30-8). The calculated values for J, and Vog are also shown on the DC 
load line. 
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The values of R, and R, in Fig. 30-8 are usually chosen to produce a Q point near 
the center of the DC load line. 


E 30-6 Self-Review 


Answers at the end of the chapter. 


a. Where is the output signal taken from in a common-collector 
amplifier? 
b. What is another name for the common-collector amplifier? 


30-7 AC Analysis of an Emitter 
Follower 


In Fig. 30—8a, the input is applied to the base while the output is taken from the 
emitter. Because the collector is tied directly to the collector supply voltage, Voc» 
no AC signal appears there. Also, because the emitter follower takes its output 
from the emitter, an emitter bypass capacitor is not used. With R, unbypassed, 
the swamping is heavy, and the distortion in the output signal is extremely small. 


No Phase Inversion 


When the input signal voltage at the base increases, so does the output voltage at 
the emitter. Likewise, when the input signal voltage decreases, the output voltage 
decreases. Thus, the input signal and output signal are in phase with each other. 


AC Equivalent Circuit 


Figure 30-9 shows the AC equivalent circuit for the emitter follower circuit in 
Fig. 30-8a. Notice the AC resistance, r’,, of the emitter diode. Its value is deter- 
mined using the Z, value of 7.45 mA, as calculated earlier: 
» 25 mV 
r= “Tl 
— 25 mV 
7.45 mA 
= 3.350 


Figure 30-9 AC equivalent circuit of Fig. 30-8. 


Cc 


Vou = 1Vpp 


out = 


r= Re || R, = 9092 
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The AC load in the emitter circuit equals R, and R, in parallel. Its value is cal- 
culated as 
-2 RX R, 
L R +R, 
— 1kQ x 10 KQ 
1kQ + 10 kQ 
= 909 Q 


The biasing resistors R, and R, are in parallel for AC operation because the top of 
R, is connected to Voc, which is at AC ground. 


Voltage Gain, A, 


To develop a formula for the voltage gain, Ay, proceed as shown: 
Vout = ir L 
Vin = (re + hh) 
Vou 
Ay = A 
= iS L 
~ i", +r) 
io £ 
EET (30-17) 
In most cases, r, is much larger than r’,, so Formula (30-17) simplifies to 


r, l 
Ay RF 1 or unity 


Example 30-6 


In Fig. 30-8a, use Formula (30-17) to find the exact value of Ay. Also, find v 


out* 


ANSWER 
hans 
= roth, 
_ 909 Q 
3.35 Q + 909 Q 
= 0.996 
With 1 Vp applied as an input, v,,, is 
Vout z Ay x Vin 
= 0.996 x 1 Vp 
= 0.996 V, or 996 mV p 


For all practical purposes, Vou = Vin 


Current Gain, A, 


The current gain, A, of a common-collector amplifier equals i,/i,. Since i, % i,, the 
current gain, A;, is approximately equal to 2. 


Power Gain, A, 


The power gain, A,, equals the product of the voltage and current gains. 
Ap = Ay XA, (30-18) 
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Since A, = 1 and A, 7 P, 
Ap=1xfP 
=p 


Calculating Input Impedance, z., 


To derive a formula for calculating z,» use the AC equivalent circuit shown in 


in? 


Fig. 30-9. 
The input impedance, z,,, looking into the base can be expressed as 
Vin 
Zini ase) — 
(base) ~ F 


Since v, © (r, + r1), then, 


= ir’. +7) 
Zin(base) wa 
b 
and since 
l, 
Aa p 
Zin(base) = pr, T r) (30-19) 


Notice that this is the same formula used for a swamped CE amplifier. The input 
impedance of the circuit includes the effect of the biasing resistors, R| and R,. This 
is shown in Formula (30-20): 


Zin = Zin(base) | R; Il R, (30-20) 


The biasing resistors, R, and R,, actually lower z,, to a value that is not much dif- 
ferent from that of a swamped CE amplifier. This is a disadvantage that must be 
overcome when using the emitter follower. In most cases, the emitter follower does 
not use biasing resistors because the stage driving the emitter follower provides the 
required DC bias. With the omission of the biasing resistors z, increases substan- 
tially. How this is done will be shown in Section 30-8. 


Example 30-7 


Calculate z; in Fig. 30-8. (Note: # = 100) 


ANSWER Referring to the AC equivalent circuit in Fig. 30-9, proceed as 
follows: 
Zinas) = P (Fah) 
= 100 (3.35 Q + 909 Q) 
= 100 x 912.35 Q 
= 91.23 KQ 
Now calculate z,,: 


Zin = Zin(base) | R, I R, 
= 91.23 KQ || 4.7 KQ || 5.6 KQ 
= 2.48 KQ 


Output Impedance, Z,,,, 


The output impedance, z,,,, of an emitter follower is important because it prevents 
some AC signal voltage from reaching the load connected at the emitter. The output 
impedance of an emitter follower is usually quite low. For an emitter follower, z 
can be calculated by using Formula (30-21): 


Ro || R, || R, 
p 


Zou = Re Il (re + (30-21) 
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Figure 30-10 Thevenin equivalent 
circuit for the output of an emitter 
follower circuit. 


» Rell Rill Ro 
Zout = Rin = Re Wr + B 
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where R, represents the internal resistance of the AC generator driving the base of 
the emitter follower. The derivation of this equation is quite complex and is there- 
fore not covered here. However, Fig. 30-10 represents the Thevenin equivalent cir- 
cuit for the output of an emitter follower. Since the circuit is assumed to be 
predominantly resistive, z,,, can also be designated as R,,. A typical emitter follower 
has an output impedance of 10 Q or less. 


Example 30-8 


In Fig. 30-11, calculate the following quantities: Vz, Vg, Io. Vos Vee» T'e Zincbasey» 
Zins Ay, Vp, and V, Also, plot the DC load line. 


ANSWER Calculate all the DC quantities first: 


18 kQ 
= Wks isk V 


=9.0 V 

Vi = Va — Ve 
=90V-0.7V 
= 8.3 V 


Figure 30-11 Emitter follower circuit used for Example 30-8. (a) Circuit. (b) DC load line. 
+Voc=20V 


Iosa = 13.3 MA 


Ic =5.53 mA rel 


Vee =7V Verom = 20 V 
(b) 
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R =1KQ 
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Since I, © Ie, 

Ve 

Ry 

-83V 
1.5 KQ 

= 5.53 mA 


= 


Since the collector is tied directly to Voc, Ve = 20 V. To calculate Vog, proceed 
as follows: 


Væ = Vec — Ve 
=20 V -8.3 V 
=11.7V 
Next, calculate the endpoints for the DC load line shown in Fig. 30-1 1b: 
V, 
Tesa = R 
-20V 
1.5 kQ 
=13.3mA 
Verot = Vec 
=20 V 
The Q point values for J, and Vog are also shown on the DC load line in 
Fig. 30-11b. 
Next, calculate the AC quantities: 
, — 25 mV 
r= T, 
— 25 mV 
5.53 mA 
= 4.52 Q 
Now calculate the AC load resistance, r, : 
TOE RX R 
LR, +R, 
= 15 kQ x 1kQ 
1.5 KQ + 1 KQ 
=600 Q 
Knowing r’, and r,, Ay can be accurately calculated: 
St 
Ay rth, 
_ 600 Q 
4.52 Q + 600 Q 
= 0.992 


Next, calculate z, and z.: 


in(base) in? 
Zin(base) — Br. + 1) 
= 200 (4.52 Q + 600 Q) 
= 120.9 KQ 
Zin = Zinas) || Ri || Re 
= 120.9 KQ || 22 KQ || 18 KQ 
=9.15 KQ 


To calculate the output voltage, v w first calculate the AC base voltage, v,. Since 
R, and z,, form a voltage divider, the AC signal voltage at the base is calculated as 
Zin 
Ro + Zin 

_ 9.15 KQ 
600 Q + 9.15 KQ 


= 4.69 V,, 


Vy = x Vin 


x5 Vp 
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Since Ay = 0.992, v 
Vout = Ay x Vin 
= 0.992 x 4.69 Vp 
= 4.65 Vp 
Because the collector is tied to Voc, the signal voltage at the collector is zero. 


is calculated as 


out 


E 30-7 Self-Review 


Answers at the end of the chapter. 


a. What is approximate voltage gain of an emitter follower? 
b. Is the output impedance of an emitter follower a high or low value? 


30-8 Emitter Follower Applications 


Figure 30-12 shows how an emitter follower is typically used. Notice that the 
common-emitter amplifier is driving the base of the emitter follower. The direct 
connection from the collector of Q, to the base of Q, implies that the DC collector 
voltage of Q, supplies the required bias voltage for the emitter follower circuit. This 
eliminates the need for the biasing resistors, which increases the input impedance of 
the emitter follower substantially. It should be pointed out that the DC base current 
of Q, is made very small with respect to the collector current in Q,, so that the DC 
voltage at the collector of Q, will not be affected. The main purpose of the circuit is 
to use the emitter follower as a buffer to isolate the relatively low value of load resis- 
tance, R,, from the high impedance collector of Q,. Doing so allows the common- 
emitter circuit to have a much higher overall voltage gain. 


Circuit Analysis 


To calculate the DC voltages and currents in the circuit, proceed as shown. Start 
with the CE amplifier, including the transistor, Q,: 


Figure 30-12 Base lead of emitter follower circuit tied directly to the collector of the common-emitter amplifier. Note that the biasing 


resistors for the emitter follower have been omitted. This increases the z, of the emitter follower. 
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Vin = 5 MVy.5 


CE Amplifier 


+Vec = 12 V | i 
| Emitter Follower 


Rg, =1.5 kQ R =150Q 
E2 L 
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= R, 
~ R +R; 


_ 3.3 KQ 
22 KQ + 3.3 KQ 
= 1.56 V 
Vi = Vg — Vee 
= 1.56 V — 0.7 V 
= 0.86 V 
Ve 


_ 0.86.V 
220.2 


= 3.9 mA 
Vo, = Vec = le Re 
= 12 V — (3.9 mA x 1.5 KQ) 
=12 V -5.85 V 
=6.15 V 


Ve X Vec 


x12 V 


Since the base of Q, is attached directly to the collector of Q,, Vg, = 6.15 V also. 
To calculate /,.,, proceed as follows: 


Va = Vs, — Veg 
=6.15V -0.7 V 
= 5.45 V 


With 7g, known, r’, can be calculated: 
» _25mV 
ro = A 
—_25mV 
3.63 mA 
= 6.88 Q 


To find Z;, base Q,» the value of the AC load resistance in the emitter is needed: 
Ry, XR, 

~ Re + Ry 

— 1.5 kQ x 150 Q 


1.5 KQ + 150 Q 
136.3 Q 


rL 


Now calculate Zinwase o»: 


Zin (base Q2) = BAT’, + r) 
= 200 (6.88 Q + 136.3 Q) 
= 28.63 KQ 


This is the AC load in parallel with the 1.5 kQ Ro at the collector of Q,. 
The AC load resistance in the collector of Q; is 


TLE, = Xin (base Q,) | Rc 
= 28.63 KQ || 1.5 KQ 
= 1.425 kQ 
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To calculate the voltage gain, Ay, in Q, proceed as follows: 


_ "La, 


1 


r’., is calculated as 


, _25mV 
r= “he 
— 25 mV 
3.9 mA 


=6410 


Therefore, 


_ 1.425 KQ 
Ya 6.41. Q 


= 222 
This means that the AC voltage at the collector of Q, is 


Vout E Ay x Vin 
Q Qi 
=222 Xx 5mV,, 
=1.11V,, 


Since Ay, 7 1, Vout, also equals approximately 1.11 V,.. 

It must be understood that the emitter follower is used to step up the impedance 
of the 150-Q load, R,, so that the collector of Q, has a higher resistance and, in turn, 
a larger overall voltage gain. 


Advantage of the Emitter Follower 


Figure 30-13 shows the same CE amplifier driving the same 150-Q load, R,, with- 
out the emitter follower. For this connection, the voltage gain, Ay, , is much less than 
it was with the emitter follower. To prove this, calculate the AC collector load 


resistance: 
rn = Rell R 
= 1.5 KQ || 150 Q 
= 136.3 Q 


Figure 30-13 =Common-emitter circuit with R, connected directly to the output of the 
common-emitter amplifier circuit. 


4+Vec = 12 V 


R = 1502 


Vin = 5 MVpp 
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Next, calculate the voltage gain, Ay: 
rL 


Va, 
ê 


_ 136.32 
6.412 


= 21.3 


For this value of Ay, v „is 


V> “out 


Vout = Ay, x Vin 
=21.3x5mV,, 
= 106.5 mV,, 


Notice the difference from 1.11 V,,, obtained at the output in Fig. 30-12 with 
the use of the emitter follower circuit. 


E 30-8 Self-Review 
Answers at the end of the chapter. 


a. In Fig. 30-12, what is the DC voltage at the base of Q,? 
2. In Fig. 30-12, how much is the AC voltage at the collector of Q,? 


30-9 Common-Base Amplifier 


The common-base amplifier is used less often than the common-emitter or com- 
mon-collector amplifier. The common-base amplifier provides a high voltage and 
power gain, but the current gain is less than one. Unlike the common-collector 
amplifier, the common-base amplifier has an extremely low input impedance, z,,. 
This is a big disadvantage. The low input impedance is the main reason the com- 
mon-base amplifier is used so infrequently. The low input impedance loads down 
the AC signal source driving the common-base amplifier. (The AC signal source 
could be the output of a common-emitter amplifier circuit.) 

The common-base amplifier, however, does provide some desirable features for 
operation at higher frequencies. It is also used in a circuit called a differential amplifier. 
Differential amplifiers are widely used in linear integrated circuits known as op amps. 


DC Analysis of a Common-Base Amplifier 


Figure 30—14a shows a common-base amplifier. Notice that the base is grounded. 
Notice also that the input signal, V,,, is applied to the emitter and the output is taken 
from the collector. 

The common-base amplifier in Fig. 30-14 uses emitter bias. The emitter supply 
voltage, —V,,,, forward-biases the emitter-base junction, and the collector supply 
voltage, Voc, reverse-biases the collector-base junction. The DC equivalent circuit 
(shown in Fig. 30-145) is obtained by reducing all AC sources to zero and treating 
all capacitors like open circuits. Notice in Fig. 30-145 that the emitter diode acts 
like any forward-biased diode. Also, notice in Fig. 30-145 the collector diode acts 
as a current source. 

To calculate the DC emitter current, use Formula (30-22): 


Viz = VE 


Rg 


f= (30-22) 


Inserting the values from Fig. 30-14 gives 
_~6V-0.7V 

3.3 KQ 
=16mA 


I; 
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GOOD TO KNOW 


Although the common-base 
amplifier in Fig. 30-14 is biased 
using emitter bias, other biasing 
techniques such as voltage 


divider bias could also be used. 
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Figure 30-14 =Common-base amplifier. (a) Original circuit with input applied to the 
emitter and the output taken from the collector. (6) DC equivalent circuit. 


Vee = 6V +Voc = 12 V 


Vin = 10 mV, R, = 33 KQ 


(a) 


Vee = 6 V +Vog = 12 V 


Ro =3.3kQ 


To = Poc tg 


(b) 


It is important to note that the DC emitter voltage equals —0.7 V with respect to 
ground. 
Since J; 7 Ie, Ico = 1.6 mA also. 
To calculate the DC voltage at the collector with respect to the base, use Formula 
(30-23): 
Vor = Veo — LR (30-23) 
= 12 V — (1.6 mA x 3.3 KQ) 
=12V—-5.28V 
=6.72V 


E 30-9 Self-Review 


Answers at the end of the chapter. 


a. Where is the input signal applied in a common-base amplifier? 
b. Where is the output signal taken from in a common-base amplifier? 


30-10 AC Analysis of aCommon-Base 
Amplifier 


To understand how the common-base amplifier in Fig. 30-14 operates with an AC sig- 
nal applied, draw the AC equivalent circuit, as shown in Fig. 30-15. Notice that both DC 
sources have been reduced to zero, all coupling capacitors have been treated as AC 
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Figure 30-15 AC equivalent circuit of the common-base amplifier in Fig. 30-14. 


E Cc 


Vo= 


in 
10 MV p-p 15.62 Q 


shorts, and the emitter diode has been replaced with its equivalent AC resistance, 
designated 7’. The AC resistance of the emitter diode is calculated as follows: 


p25 MV 
e= G 
_25mV 
~ 1.6 mA 
= 15.62 Q 


Notice the value of the AC load resistance, r,, in the collector circuit. It is calcu- 
lated as follows: 


RXR 
nE RFR, 
— 3.3 KQ x 33 KQ 
3.3 kQ + 33 kQ 
=3 kQ 
Voltage Gain, Ay 
To calculate the voltage gain, Ay, write an expression for v,,, and v: 
Vout = ir, 
Vin = i. 


= ir 


Since i, © i,, then v; z 
Next calculate Ay: 
v 
A = out 
y Vin 
= LFL 


=-— 
lF e 


= (30-24) 


In Fig. 30-14, the voltage gain, Ay, is 


_ _3kQ 
as 15.62 Q 
= 192 


Since v, equals 10 MV, Vow 1S calculated as 


P-P’ 
Vout = Ay x Vin 
= 192 x 10 mV,,, 
= 1.92 V, 


No Phase Inversion 


For a common-base amplifier, the output signal voltage is in phase with the input 
signal voltage. In Fig. 30—14a, the emitter current, i, is decreased during the posi- 
tive half-cycle of v,,. This occurs because the input signal voltage is opposing the 
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GOOD TO KNOW 


Common-base amplifiers are 
often used in high-frequency 
communications equipment. One 
reason is that they have better 
high-frequency response than a 
common-emitter amplifier. Also, 
in rf circuitry 50 Q is a common 
impedance for matching antennas 
to receivers and/or transmitters. 
In these cases, the lower input 
impedance of a common-base 
amplifier is an advantage because 


it closely matches 50 Q. 
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forward bias from the —V,,, supply. Because i, decreases during the positive half- 
cycle of v,,, the voltage across the collector resistor, Rẹ, is also decreasing, thus 
causing the collector voltage to increase. 

During the negative half-cycle of v,,, i, increases because the input signal voltage 
adds to the forward bias provided by the emitter supply voltage. As i, increases, the 
voltage across the collector resistor, Ro, also increases, which in turn causes the col- 
lector voltage to decrease. 


Input Impedance, z,, 


As mentioned earlier, the main disadvantage of a common-base amplifier is its 
extremely low input impedance, z,,. In Fig. 30-15, the input voltage source, v 
connected directly across the AC resistance of the emitter diode. Therefore, 


1S 


in? 


Also, since the input current to the transistor is i,, 


pn Vin 
in(emitter) i 
in 


Zz 


The input impedance, z,,, of the stage includes the emitter resistor, Rẹ. Therefore, 


Zin = Rg lire (30-25) 


In most cases, R, is so much larger than r’, that zi = 7 
For Fig. 30-14, Zinemitier) aNd Zin are 


e 


Zincemitter) — 7 f 
= 15.62 Q 
Za = Rg llr’. 
= 3.3 KQ || 15.62 Q 
= 15.54 Q 


For all practical purposes, z,, = r’. = 15.62 Q. 


in 


Example 30-9 


In Fig. 30-16, calculate the following: Ip, Vcg» T'e Avy, Vous and Zip- 
Figure 30-16 Circuit used for Example 30-9. 
Veg = 9V Vee = 15 V 


Vin = 25 MVpp R= 15 kO 
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ANSWER Begin by calculating the two DC quantities. First, calculate [,: 


I _ Vex Ve 
ET R; 
_9V-07V 

1.8 KQ 


=4.61 mA 
Next, calculate Vog: 
Vos = Vec — [eRe 
= 15 V — (4.61 mA x 1.5 KQ) 
=15V-691V 
= 8.09 V 


To find the AC quantities, first calculate r’, and r: 
r= = 
— 25 mV 
4.61 mA 
=5.42Q0 
r= Re ll R, 
— 15 kQ 
2 
=750 Q 


Ay can now be calculated: 


Ay = z 
— 750 Q 
5.42 Q 
= 138.3 
With A, known, v,,, can be calculated: 
Vout = Ay x Vin 
= 138.3 x 25 mV pp 
= 3.46 V,» 
To calculate z;,, proceed as follows: 
Zin = Re II re 
= 1.8 KQ || 5.42 Q 
=5.400 


Notice how close in value r’, and z; actually are. 


Example 30-10 


In Fig. 30-17, calculate the AC output voltage, v,,,. 


ANSWER Begin by calculating 7, so that r’, can be calculated: 


Ee Vez — Vee 
E = ee 
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Figure 30-17 Circuit used for Example 30-10. (a) Circuit. (6) Zin and Re 
form a voltage divider. Because Zin is so small, most of Vin is dropped across Re. 


Veg = 12 V +Voec =12 V 


Rg = 600 


_12V-07V 
2.2 kQ 


=5.13 mA 


Next, calculate r’,: 
p= 25 mV 
I: 
25 mV 


~ 5.13 mA 
= 4.870, 


To calculate Ay, first calculate 7: 


r= Rec || Ri 
_ 1.2 kQ x 3.3kQ 
1.2 KQ + 3.3 kQ 

= 880 Q 


To calculate v,,,,, determine how much AC signal voltage is at the emitter. 
Figure 30-17b shows that the generator resistance, Rg, and the AC resistance of the 
emitter diode form a voltage divider. Notice how lopsided the voltage divider is. 
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Most of the input voltage, v,,, will be dropped across R and not reach the 

amplifier input. To calculate the AC emitter voltage, v,, proceed as follows: 

= Zin 
Ro + Zin 

_ 4.87 Q 

= 6000 + 4.870 * | Vor 

= 8.05 mV pp 


Ve X Vin 


This is the only portion of the input signal voltage that is amplified. To 
calculate v 


Vout = Ay x Ve 
= 180.7 x 8.05 mV,» 
= 1.45 Vp 


This example illustrates the downfall of the common-base amplifier. In real-life 
situations, the input voltage source could actually be the output of a CE transistor 
amplifier. Then the collector load resistance of the CE amplifier would be severely 
reduced by the low input impedance of the common-base amplifier. This in turn 
would drastically lower the voltage gain of the CE stage. 


E 30-10 Self-Review 


Answers at the end of the chapter. 


a. What is the approximate value of Z;, for a common-base amplifier? 
b. What is the major disadvantage of a common-base amplifier? 
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Summary 


The emitter diode of a transistor has 
an equivalent resistance for ac 
signals. The ac resistance of the 
emitter diode, designated 
r, =25 mV/l;. 

In a common-emitter amplifier, the 
input signal is applied to the base 
and the output signal is taken from 
the collector. 


A common-emitter amplifier 
provides a large voltage gain, a large 
current gain, and a very high power 


gain. 
The input and output AC voltages in 


a common-emitter amplifier are 
180° out of phase. 


In the AC equivalent circuit of a 
transistor amplifier, the coupling 
and bypass capacitors and DC 
voltage sources appear as AC 
shorts. 


In the AC equivalent circuit of a 
transistor amplifier, the emitter 
diode is replaced with its equivalent 
AC resistance, r.. 


Important Terms 


AC beta — the ratio of AC collector 
current, i, to AC base current, i: 
P=idis 

AC equivalent circuit — a circuit as it 
appears to an AC signal. In an AC 
equivalent circuit, all capacitors and 
voltage sources appear as shorts. 


AC resistance of a diode — the 
equivalent resistance of a forward- 
biased diode as it appears to small AC 
signals. For a standard diode, me = 
25 mV /I,. For the emitter diode in 

a transistor, r, = 25 mV/1_. 


Common-base amplifier — a transistor 
amplifier whose input is applied to the 
emitter and whose output is taken 
from the collector. The common-base 
amplifier provides high voltage and 
power gain, but its current gain is less 
than one. 


Common-collector amplifier — a 
transistor amplifier whose input is 
applied to the base and whose output 
is taken from the emitter. The 
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The voltage gain of a common- 
emitter amplifier equals r/r. when 
the dc emitter resistance is 
completely bypassed. The ac load 
resistance, designated n, equals the 
equivalent resistance of Re and R, in 
parallel. 


A swamping resistor is an 
unbypassed resistance in the 
emitter circuit of a common-emitter 


amplifier. The swamping resistor 
stabilizes the voltage gain and 
reduces distortion. 


The input impedance of a 
common-emitter amplifier equals 
Z oo II Ry Il R. The output 
impedance equals Re. 


A common-collector amplifier 
provides a large current gain anda 
arge power gain, but its voltage 
gain is approximately one or unity. 


nacommon-collector amplifier, 
the input signal is applied to the 
base, and the output signal is taken 
rom the emitter. Since the AC 


common-collector amplifier provides 
high current and power gain, but its 
voltage gain is less than one. 


Common-emitter amplifier — a 
transistor amplifier whose input is 
applied to the base and whose output 
is taken from the collector. The 
common-emitter amplifier provides 
high voltage and current gain and 
very high power gain. 


Current gain, A, — the ratio of output 
current to input current ina 
transistor amplifier. 


Emitter bypass capacitor, Cg — a 
capacitor that bypasses the AC signal 
around the emitter resistor in a 
transistor amplifier. 


Emitter follower — another name for the 
common-collector amplifier. 


Input impedance, Z,, — the impedance of 
the input of an amplifier as seen by 
the AC signal source driving the 
amplifier. 


signal at the emitter follows, or is 
in phase with, the AC signal at the 
base, the common-collector 
amplifier is also referred to as an 
emitter follower. 


An emitter follower has high input 
impedance and low output 
impedance. This makes it ideal for 
impedance-matching applications. 


In a common-base amplifier, the 
input signal is applied to the emitter, 
and the output signal is taken from 
the collector. 


A common-base amplifier has high 
voltage and power gain, but its 
current gain is slightly less than 
one. 


The main drawback of the 
common-base amplifier is its 
extremely low input impedance 
which is approximately equal to the 
low value of r’. 


Output impedance, Z,,,, — the 
impedance at the output of an 
amplifier as seen by the load driven by 


the amplifier. 


Power gain, A, — the ratio of output 
power to input power in a transistor 
amplifier. A, can also be calculated as 
Ap =Ay XA; 

Small signal — a signal whose peak-to- 
peak current value is one-tenth or 
less the DC diode or DC emitter 
current. 


Swamping resistor — an unbypassed 
resistor in the emitter circuit of a 
common-emitter amplifier. A 
swamping resistor stabilizes the 
voltage gain and reduces distortion. 


Voltage gain, Ay — the ratio of output 
voltage to input voltage in a 
transistor amplifier: Ay = V.,,./V,,,- 
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Related Formulas 


fac = 25 mVA, 


(Ordinary Diode) cpa Vere: 
Veeco) = Vec 


Pa = 25 mV/AE (Emitter Diode) 
Avy = Vour/Vin (Any Amplifier) i " 
ao 
Common-Emitter Amplifier Ap = Ay XA; 


DC Load Line Endpoints 


Ay = RU. 
A= nre 
Av =n/(r'e + re) 


(No Load Resistor) 
(With Load Resistor) 
(With Emitter Swamping Resistor) 


Zontbose) = BU’, + n) 
Zin = Zinbase) II Rı II Rə 


Re || R I| R 
Zour = Re |l p, ALR II R 


Ziathase) = pre 


(No Emitter Swamping Resistor) 


Zin(base) = Cre + re) 
Zin = Zintbase) Il Rı II Ro 


Common-Collector Amplifier 


VSRR" 

Ve = Ves — Vee 
=E 

k=% 

Vee = Vec — Ve 


Self-Test 


Answers at the back of the book. 


1. The AC resistance, r,-, of a diode 


a. is not affected by the DC current 
in the diode. 


b. decreases as the DC current in the 
diode increases. 


c. increases as the DC current in the 
diode increases. 


d. decreases as the DC current in the 
diode decreases. 


2. Ifa transistor has a DC emitter 
current, le, of 6.25 mA, how much 
is the AC resistance, r'e, of the 
emitter diode? 


a.0.25Q. 
b.4 kQ. 
c.4Q. 


d. It cannot be determined. 


3. Which of the following transistor 
amplifier configurations provides a 
180° phase shift between the AC 
input and output voltages? 


a. the common-emitter amplifier. 
b. the emitter follower. 
c. the common-base amplifier. 


d. the common-collector amplifier. 


Transistor Amplifiers 


(With Emitter Swamping Resistor) 


f= Vee — Vee 
E= Re 
Veg = Vee — IeRe 
Ay =E n/r: 

Zin = Re || re 


4. Removing the emitter bypass 
capacitor in a common-emitter 
amplifier will 
a. decrease the voltage gain, Ay. 
b. increase the input impedance, Z.. 
c. increase the voltage gain, Ay. 


d. both a and b. 


5. Ina common-emitter amplifier, what 
happens to the voltage gain, Av, 
when a load resistor, R,, is 
connected to the output? 


a. Ay decreases. 
b. Ay increases. 
c. Ay doesn't change. 


d. Ay doubles. 


6. Which type of transistor amplifier is 
also known as the emitter follower? 


a. the common-base amplifier. 
b. the common-collector amplifier. 
c. the common-emitter amplifier. 


d. none of the above. 


7. Which type of transistor amplifier 
has a voltage gain, Ay, of 
approximately one, or unity? 


a. the common-base amplifier. 


b. the common-emitter amplifier. 


Common-Base Amplifier 


10. 


B 


c. the common-collector amplifier. 


d. none of the above. 


. What is the biggest disadvantage of 


the common-base 
amplifier? 


a. its high input impedance. 
b. its low voltage gain. 
c. its high output impedance. 


d. its low input impedance. 


. Which of the following transistor 


amplifiers has the lowest output 
impedance? 


a. the common-collector amplifier. 
b. the common-base amplifier. 
c. the common-emitter amplifier. 


d. none of the above. 


A swamping resistor in a 
common-emitter amplifier 


a. stabilizes the voltage gain. 
b. increases the voltage gain. 


c. reduces distortion. 


d. both a and c. 
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11. In the AC equivalent circuit of a 
transistor amplifier, 


a. 


the resistors appear as an AC short. 


b. the capacitors and V.. appear as 


an open to AC. 


13. 


c. the common-emitter amplifier. 


d. the common-source amplifier. 
In which type of amplifier is the 


input applied to the emitter and 
the output taken from the 


a. the common-base amplifier. 


c. the capacitors and Vc appear as collector? 
AC shorts. 
d. the Xe values of all capacitors are 


assumed to be infinite. 


b. the common-emitter amplifier. 


c. the common-collector amplifier. 


15. 


applied to the base is 2 V,.,, how 
much AC signal is present at the 
collector? 


a. approximately 2 V,- 
b.OV,,.. 
c. approximately 1.98 V,- 


d. It cannot be determined. 


What is the only amplifier 
configuration that provides both 


12. Which of the following transistor 
amplifier configurations is often 
used in impedance-matching 
applications? 


a. the common-base amplifier. 


b. the emitter follower. 


Essay Questions 


1. In a transistor amplifier, how is a small AC signal defined? 

2. Why are capacitors and voltage sources treated as 
short circuits when analyzing the AC operation of a 
transistor amplifier? 

3. ow does a swamping resistor in a common-emitter 
amplifier stabilize the voltage gain and reduce 
distortion? 

4. ow does the AC emitter resistance, r’,, of an emitter 


diode vary with the DC emitter current? 


Problems 


SECTION 30-1 AC RESISTANCE OF A DIODE 
30-1 In Fig. 30-18, calculate the AC resistance, rc, of the 
diode for each of the following values of R (use the 


second approximation of a diode): 


a. R=10kQ. 
b. R= 5.6 kQ. 
& R= 2.7 kQ. 
d. R=1kQ. 


Figure 30-18 
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d. the emitter follower. 


14. The collector of an emitter 
follower is connected directly to 
the positive terminal of a 12-Vpc 
supply. If the AC input voltage 


voltage and current gain? 

a. the common-base amplifier. 

b. the emitter follower. 

c. the common-emitter amplifier. 


d. the common-collector amplifier. 


5: In a common-emitter amplifier, why are the AC input 
and output voltages 180° out of phase? 


6. Why is a common-collector amplifier often referred to 
as an emitter follower? 


7. What is the main application of an emitter follower? 


8. What is the main drawback of a common-base amplifier? 


30-2 Calculate the AC resistance, r., of the emitter diode in 
a transistor for each of the following values of DC 
emitter current, /,: 


a. l= 1 mA. 
b. l =5 mA. 
c. Je= 7S mA: 
d. lg = 20 mA. 


SECTION 30-2 SMALL SIGNAL AMPLIFIER 
OPERATION 


30-3 What type of transistor amplifier is shown in 
Fig. 30-19a? 


30-4 Calculate the following DC quantities in Fig. 30-1 9a: 


a. Vs- 
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30-9 Calculate the voltage gain, Ay, of a common-emitter 
amplifier for each of the following values of Vu 

#Vo¢ = 15 V and Mice 

© Vu = 1.2 Vp aNd Vn = 4.8 MV pp- 

b. Vu = 500 mV, and V,, = 25 mV 


Co Vu 10 Vp-p and V,, = 200 mV 


Figure 30-19 


30-10 What is the output voltage of a common-emitter 
amplifier if V,, = 5 mV, and Ay equals 
a. 20? 
b. 50? 
c. 1500? 


SECTION 30-3 AC EQUIVALENT CIRCUIT OF A CE 
AMPLIFIER 


30-11 In Fig. 30-199, which components appear as short 
circuits in the AC equivalent circuit? 


Vi, = 10 MV, 


30-12 Calculate the AC resistance, r., of the emitter diode in 
Fig. 30-19a. 


30-13 Draw the AC equivalent circuit (the condensed 
version) for the common-emitter amplifier in 
Fig. 30-1 9a. Show all values. 


SECTION 30-4 CALCULATING THE VOLTAGE GAIN, 
Ay, OF ACE AMPLIFIER 


30-14 In Fig. 30—-19a, calculate the voltage gain, Ay, using the 
equation Ay = R-/r’,. After you determine Ay, calculate 
the output voltage, V How do your answers compare 


» “ out® 


to those calculated earlier in Prob. 30-6? 


30-15 In Fig. 30-192, what are the new values for Ay and V,,, 
if Re is replaced with a 


rl a. 600-Q value? 
b. 1.5-kQ value? 
c. 2-kQ value? 

30-5 Figure 30-1 9b shows a graph of le VEGUR Vee for the 30-16 In Fig. 30-19a, calculate the new values for Ay, and V 
transistor in Fig. 30-1 9a. How much is the collector if the following load resistors are connected via a 
voltage, V., when the emitter current, fg, is coupling capacitor to the collector (R; = 1.2 kQ): 

a. AmA? a. R =600Q. 
b. 5 mA? b. R.=1.2kQ. 
c. 6 mA? c. R, =1.5kQ. 

30-6 Based on your answers from Prob. 30—5, how much is d. R = 7.2 kQ. 

a. the peak-to-peak collector voltage? 30-17 In Fig. 30—20a, calculate the following DC quantities: 
b. the voltage gain, Ay, of the amplifier? a. Ve. 

30-7 In Fig. 30—-19a, how much AC voltage would be b. Ve. 
measured from Ces 
a. the base to ground? d: Ve. 

b. the emitter to ground? e. Veg. 
c. the collector to ground? 


30-18 In Fig. 30—20a, calculate the following AC quantities: 


30-8 In Fig. 30-199, how much is Vag when V, is at ae Pe 
a. zero? b. rn. 
b. its positive peak? c. Ay. 
c. its negative peak? dV: 
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Figure 30-20 


Vee= 24V 


Vn = 25 MV p 


30-19 In Fig. 30—20a, what are the new values for Ay and Vu 


if R, is removed? 


30-20 In Fig. 30—20a, suppose that the emitter resistance is 
split into two resistors as shown in Fig. 30—20b. 
Calculate 


a. Ay. 
b. Voue 


SECTION 30-5 CALCULATING THE INPUT AND 
OUTPUT IMPEDANCES IN A CE AMPLIFIER 
30-21 In Fig. 30-19a, calculate 
a. Znase): 


Be Zi 

30-22 Repeat Prob. 30-21 for each of the following values 
of beta: 

a. P=150. 

b. B= 200. 

c. P= 300. 


30-23 In Fig. 30-194, assume that the emitter bypass 


capacitor, C,, is removed. If 8 = 100, calculate 
a. Zinchase): 
B Zi 


30-24 In Fig. 30—20a, calculate 


a. Laer 
AAS 


Gi Zai 


30-25 Repeat Prob. 30—24 if the emitter circuit is modified, 
as shown in Fig. 30—20b. 


SECTION 30-6 COMMON-COLLECTOR AMPLIFIER 


30-26 What type of transistor amplifier is shown in 
Fig. 30-21? 
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R, =3.6 kQ 


Figure 30-21 


+Vec =12 V 


Vout 
Vin = 
5V R= 
R= 1.5 KQ 
oQ 


30-27 Calculate the following DC quantities in Fig. 30—21: 


a. Vs- 
b. Ve. 

es ile: 

d. Ve 

e. Veg. 

fe lesa: 
g. Vcevorr): 


30-28 Draw the DC load line for the emitter follower in 
Fig. 30-21. Include the values of |. and V., at the 
Q point. 
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SECTION 30-7 AC ANALYSIS OF AN EMITTER 30-32 In Fig. 30-22, solve for the following DC and AC 


FOLLOWER quantities: 
30-29 In Fig. 30-21 , solve for the following AC quantities: a. Va- 

as Fos b. Ve. 

b. fn. c. le 

G Ay. d. Ves 

d. Voy e. Vee. 

©. Zin(base): f. Pe 

f. Z,. g. r 

g. Zu (Note: Assume R=0 Q.) h. Ay. 
30-30 In Fig. 30-21 , how much AC voltage would you expect l ribaa)" 

to measure at the collector with respect to ground? d int 

2 

30-31 What is the phase relationship between V, and V xin | v. 

Fig. 30-21? 


m. Zue (Note: Ro = 600 Q.) 


Figure 30-22 


+Vec=9V 


R, =15KQ 


SECTION 30-8 EMITTER FOLLOWER APPLICATIONS d. Zntaseap: 
30-33 In Fig. 30-23, solve for the following DC quantities: e. ra 
a. Vsa f. Avay 
b. Vea g- Avay- 
Cc. lea): h. Vaura: 
d. Vea i Vua 
e. : 
OD 30-35 In Fig. 30-23, suppose that the emitter follower is 
EQ: omitted and the output from the collector of Q, is 
g- lea» capacitively coupled to the 250-Q load, R,. What is the 
ea output voltage across the 250-Q load? 
2 


30-34 In Fig. 30-23, solve for the following AC quantities: 


a. Faar 


Br Ka 


c. ray 
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Figure 30-23 


CE Amplifier 


Vin = 15 MV pp 


SECTION 30-9 COMMON-BASE AMPLIFIER 


30-36 What type of transistor amplifier is shown in 
Fig. 30-24? 


Figure 30-24 


R =3kKQ 


30-37 In Fig. 30-24, solve for the following DC quantities: 
a. Ve 
b. Ie. 


Cx Vps 


SECTION 30-10 AC ANALYSIS OF A COMMON- 
BASE AMPLIFIER 
30-38 In Fig. 30—24, solve for the following AC quantities: 


a. 
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+Voc=18V | 


| Emitter Follower 


R = 2502 


30-39 In Fig. 30-24, what is the phase relationship between 
V, and Vaa? 


30-40 In Fig. 30-25, calculate the following DC and AC 
quantities: 


Figure 30-25 


-Vg = 12 V 


+Voec=12 V 
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Answers to Self-Reviews 30-1 a. decrease 30-6 a. the emitter 


b. one-tenth b. emitter follower 
c. 25 mV/I, 
30-7 a. one or unity 
30-2 a. 180° b. low 
b.OV,,, 
30-8 a.6.15V 
30-3 a. short b. O Vp 


b. as a short 
30-9 a. the emitter 


30-4 a. 360 approx. b. the collector 
b. 200 
c. A, is stabilized and distortion 30-10 a.Z xr., 
is reduced b. its very low input impedance 
30-5 a. Zinthase) 
b. it increases Z,, 
c. 1 kQ 


Laboratory Application Assignment 


In this lab application assignment, you will examine the ability Common-Emitter Amplifier Calculations 


of a transistor to amplify a small AC signal. You will build a Bamine the commonraniter anehiter in Fic 20-2% 


common-emitter amplifier and measure the input and output Celulite and record tre folorina DE cue ties: 


voltages so you can determine the voltage gain, Ay. You will es ee je 
also see how the emitter bypass capacitor, C., and load 3 ai Ue i 
resistance, R,, affect the voltage gain, Ay. = VS 
Equipment: Obtain the following items from your instructor. Next, calculate and record the following AC values with the 
* 2N2222A npn transistor or equivalent emitter bypass capacitor, C-, connected but without the load 
* Assortment of carbon-film resistors resistor, R, - Note that V, = 10 mV,- 
+ Two 100-uF electrolytic capacitors and one 220-uF electro- 

lyti i = Ay= Vou 

ytic capacitor © ou 
< DMM Connect the load resistor, R,, and recalculate A, and Vue 
* Oscilloscope 
+ Function generator A= » Vout = 
+ Variable dc power supply 

Figure 30-26 
+Voc=15 V 
R, = 8.2 kQ Ro =1kQ 
C, =100 pF 


C, = 100 pF (—-e<--- 
Vout 


l+ 


R,=15 kQ 
a Z Ce = 220 pF 
m 
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What happened to Ay and V, 


out 


when R, was added? 


With the load resistor, R,, still connected, remove the emitter 
bypass capacitor, Cg, and recalculate Ay and Vur 


A= Vou = 


What happened to Ay, and V, 


out 


when C; was removed? 


Common-Emitter Amplifier Measurements 


Construct the common-emitter amplifier in Fig. 30—26. Adjust 
the input voltage, V,,, to exactly 10 mV,_,. Measure and record 
the following DC quantities: 

Vg = V= s= 
Vo= Ve= 


Next, measure and record the output voltage, V w» with the 
emitter bypass capacitor, C-, connected but without the load 
resistor, R,. Using the measured value of V, 


Sut» calculate the 
voltage gain, Ay. 


Vout = Ay= 


Design credit Multisim: ©Stockbyte/Getty Images 
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Connect the load resistor, R,, and remeasure V, Using the 
measured value of V, 


out? 


recalculate Ay. 


A= 


What happened to V,,,, and Ay? 


With the load resistor, R,, still connected, remove the emitter 
bypass capacitor, C,, and remeasure V,,,,. Using the measured 


value of V recalculate Ay. 
Vere = Ay = 
Did Ay and V,,,, decrease substantially? 


If yes, explain why. 
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Field Effect 
Transistors 


he field effect transistor (FET) is a three-terminal device similar to the bipolar 
Te transistor. The FET, however, is a unipolar device that depends on only 
one type of charge carrier, either free electrons or holes. There are basically two 
types of FETs: the junction field effect transistor, abbreviated JFET, and the metal-oxide- 
semiconductor field effect transistor, abbreviated MOSFET. 


Unlike bipolar transistors, which are current-controlled devices, FETs are voltage- 
controlled devices (i.e., an input voltage controls an output current). The input 
impedance is extremely high (of the order of megohms) for FETs and therefore they 
require very little power from the driving source. Their high input impedance is one 
reason that FETs are sometimes preferred over bipolar transistors. 


This chapter covers JFET and MOSFET characteristics, biasing techniques, the 
different types of FET amplifiers, as well as MOSFET applications. E 


| Ghapter outline 


31-1 JFETs and Their Characteristics 
31-2 JFET Biasing Techniques 
31-3 JFET Amplifiers 


31-4 MOSFETs and Their Characteristics 
31-5 MOSFET Biasing Techniques 
31-6 Handling MOSFETs 


After studying this chapter, you should be able to 


Describe the construction of a JFET. 
Explain how an input voltage controls the 
output current in a JFET. 

Explain why the input impedance of a JFET is 
so high. 

Identify the schematic symbols of an 
n-channel and p-channel JFET. 

Explain the ohmic and current-source 
regions of operation for a JFET. 

Define the term gate-source cutoff voltage. 
Define the term pinch-off voltage. 


Explain why JFETs are referred to as 
normally on devices. 


Calculate the drain current in a JFET when 
loss» Vos, and Vescea are known. 

Explain the biasing techniques for JFETs. 
Define the term transconductance, g. 

Explain the operation of the common-source, 
common-drain, and common-gate amplifiers. 


Explain the differences in construction and 
operation of a depletion-type and 
enhancement-type MOSFET. 

List the precautions to observe when 
handling MOSFETs. 


asymmetrical JFET 

channel 

common-drain amplifier 

common-gate amplifier 

common-source 
amplifier 


depletion mode 

drain 

enhancement mode 

field effect transistor 
(FED) 

gate 


current-source region 


gate-source cutoff 
voltage, Vesem 


source 
symmetrical JFET 


IGFET threshold voltage, Vosen 
JFET transconductance, g,, 
MOSFET unipolar 


ohmic region 
pinch-off voltage, V, 
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GOOD TO KNOW 


JFETs are typically much smaller 
than bipolar transistors. This 
size difference makes JFETs 
particularly suitable for use in 
ICs, where the size of each 


component is critical. 
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31-1 JFETs and Their Characteristics 


Figure 31—1la shows the construction of an n-channel JFET. Notice there are 
four leads: the drain, source, and two gates. The area between the source and 
drain terminals is called the channel. Because n-type semiconductor material is 
used for the channel, the device is called an n-channel JFET. Embedded on each 
side of the n-channel are two smaller p-type regions. Each p region is called a 
gate. When the manufacturer connects a separate lead to each gate, the device is 
called a dual-gate JFET. Dual-gate JFETs are most commonly used in frequency 
mixers, circuits that are frequently encountered in communications electronics. 
In most cases, the gates are internally connected and the device acts like a sin- 
gle-gate JFET. 

A p-channel JFET is shown in Fig. 31—1b. Embedded on both sides of the 
p-channel are two n-type gate regions. Again, these are normally connected together 
to form a single gate lead. 

The current flow is between the drain and source terminals in a JFET. For the 
n-channel JFET in Fig. 31—1a, the majority current carriers in the channel are free 
electrons. Conversely, for the p-channel JFET in Fig. 31—1b, the majority current 
carriers in the channel are holes. 


Schematic Symbols 


The schematic symbols for a JFET are shown in Fig. 31-2. Figure 31—2a is 
the schematic symbol for the n-channel JFET, and Fig. 31-2b shows the symbol 
for the p-channel JFET. Notice that the only difference is the direction of the arrow 
on the gate lead. In Fig. 31—2a, the arrow points in toward the n-type channel, 
whereas in Fig. 31—2b the arrow points outward from the p-type channel. In each 
symbol, the thin vertical line connecting the drain and source is a reminder that 
these terminals are connected to each end of the channel. 

One more point: When the gate regions of a JFET are located in the center of the 
channel, the JFET is said to be symmetrical, meaning that the drain and source leads 
may be interchanged without affecting its operation. If the construction of a JFET is 
such that the gate regions are offset from center, the JFET is called asymmetrical. 
The drain and source leads may not be interchanged in an asymmetrical JFET. 
Figure 31—2c represents the schematic symbol of an asymmetrical JFET, and 
Fig. 31—2a and b show the schematic symbols of a symmetrical JFET. Note that 
when the gates are offset from center in an asymmetrical JFET, they are placed close 
to the source terminal. This is shown in the schematic symbol of Fig. 31—2c. 


Figure 31-1 Construction of a JFET. (a) n-channel JFET. (b) p-channel JFET. 


Drain Drain 


n Channel Channel 
Gate 1 P| P| Gate 2 Gate 1 Gate 2 
Source Source 
(a) (b) 
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Figure 31-2 Schematic symbols 
for a JFET. (a) n-channel symmetrical 
JFET. (b) p-channel symmetrical JFET. 
(c) n-channel asymmetrical JFET. 


Drain 


Gate — 


Source 


(a) 


Drain 


Gate ve 


Source 
(b) 


Gate — 


Source 
(c) 


Figure 31-3 Current flow in the n-channel. Gates are open. 


Gate 1 


Source 


JFET Operation 


Figure 31-3 illustrates the current flow in an n-channel JFET with the p-type 
gates left disconnected. Here the amount of current flow depends upon two 
factors: the value of the drain-source voltage, Vps, and the drain-source resistance, 
designated rps. Furthermore, the ohmic value of rps is dependent on the doping 
level, cross-sectional area, and length of the doped semiconductor material used 
for the channel. 

In Fig. 31-3, electrons flow in the channel between the two p-type gate regions. 
Because the drain is made positive relative to the source, electrons flow through the 
channel from source to drain. In a JFET, the source current, /,, and the drain current, 
Jp, are the same. In most cases, therefore, the current flow in the channel of a JFET 
is considered to be only the drain current, Jp. 


Gate Action 


The gate regions in a JFET are embedded on each side of the channel to help 
control the amount of current flow. Figure 31—4a shows an n-channel JFET 
with both gates shorted to the source. The drain supply voltage, Vp), 


Figure 31-4 Effect of gate on drain current. (a) Gate leads shorted to source. (b) External gate bias reduces drain current. 
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GOOD TO KNOW 


A noteworthy static 
characteristic of aJFET is Ice, 
which is the gate current when 
the gate-source junction is 
reverse-biased. This current 
value allows us to determine the 
DC input resistance of a JFET. 
For example, if the spec sheet of 
a JFET shows that lsss = 0.01 „A 
when Vss = —15 V, then the gate- 
source resistance under those 
circumstances is 

15V 


0.01 pA = 115 CO, 


GOOD TO KNOW 


Above the pinch-off voltage, Vp, 
it is common for the drain curves 


to have a slight upward slope. 


GOOD TO KNOW 


For every JFET, there is a value of 
Vos near Veson that results in a 
zero temperature coefficient. 
This means that, for some value 
of Vss near Vestm» 1p does not 
increase or decrease with 


increases in temperature. 
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reverse-biases both p-n junctions. This results in zero gate current. If both 
gates are centered vertically in the channel (which is the case for a symmetri- 
cal JFET), the voltage distribution over the length of the channel makes the 
width of the depletion layer wider near the top of the channel and narrower at 
the bottom. Thus, the depletion layers are shown to be wedge-shaped in 
Fig. 31—4a. Current flows in the channel between the depletion layers and not 
in the depletion layers themselves. The depletion layers penetrate deeply into 
the n-channel and only slightly into the p-type gate regions due to the different 
doping levels in the p and n materials. 

Figure 31—4b shows how an n-channel JFET is normally biased. Not only is 
the drain made positive relative to the source, but the gate is made negative rela- 
tive to the source. The effect of the negative gate voltage is to expand the width 
of the depletion regions, which in turn narrows the channel. Since the channel 
is narrower, the drain current, Jp, is reduced. By varying the gate-source volt- 
age, designated Vos, the drain current, Jp, can be controlled. Notice how much 
narrower the channel is in Fig. 31-4b versus 31—4a. If V,, is made negative 
enough, the depletion layers touch, which pinches off the channel. The result is 
zero drain current. The amount of gate-source voltage required to reduce the 
drain current, Jp, to zero is called the gate-source cutoff voltage, designated 
Vosit: 

The polarity of the biasing voltages for a p-channel JFET is opposite from that of 
an n-channel JFET. For a p-channel JFET, the drain voltage is negative and the gate 
voltage is positive. 


Shorted Gate-Source Junction 


Figure 31—5a shows an n-channel JFET connected to the proper biasing voltages. 
Note that the drain is positive and the gate is negative, creating the depletion layers 
depicted earlier in Fig. 31—4b. 

When the gate supply voltage, V,,, is reduced to zero in Fig. 31—5a, the gate is 
effectively shorted to the source and V,,, equals zero volts. Figure 31—5b shows the 
graph of J, versus Vps (drain-source voltage) for this condition. As Vps is increased 
from zero, the drain current, Jp, increases proportionally. When the drain-source 
voltage, Vps, reaches the pinch-off voltage, designated V,, the drain current, Jp, 
levels off. In Fig. 31—5b, the pinch-off voltage, Vp = 4 V. Technically, the pinch- 
off voltage, V,, is the border between the ohmic region and current-source 
region. The region below V, is called the ohmic region because Jp increases in 
direct proportion to Vps. Above V, is the current-source region, where J, is unaf- 
fected by changes in Vps: 

The drain current, Jp, levels off above V, because at this point the channel resis- 
tance, rps, increases in direct proportion to Vps- This results in a constant value of 
drain current for Vps values above the pinch-off voltage, Vp. 

The maximum drain current that a JFET can have under normal operating condi- 
tions occurs when Vos is 0 V. This current is designated as pss- Ips, represents the 
drain-source current with the gate shorted. In Fig. 31-5b, I,,, = 10 mA, a typical 
value for many JFETs. If V,, is negative, the drain current, Jp, will be less than the 
value of J,;<; how much less depends on the value of Vos- 

It is important to note that JFETs are often referred to as “normally on” devices 
because drain current flows when Vos is 0 V. 


Drain Curves 


Figure 31—5c shows a complete set of drain curves for the JFET in Fig. 31—5a. 
Notice that as Vos becomes increasingly more negative, the drain current, J), is 
reduced. Again, this is due to the fact that the channel is becoming much narrower 
with the increasing reverse bias in the gate regions. 
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Figure 31-5 JFET drain curves, (a) Normal biasing voltages for an n-channel JFET. (b) Drain curve with Vg = OV. (0 Drain curves for 


different values of Vc. 
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Notice the magnitude of both V, and Vosom in Fig. 31—5c. It is interesting to note 
that for any JFET, Vp = —Véegiorn» Most data sheets do not list V, but almost always 
list Vose- The Vosorp Value of —4 V for the JFET in Fig. 31—5a is a typical value for 
many JFETs. In Fig. 31—5c, Vp = —(—4 V) or Vp = +4 V. 

There are two other important points to be brought out in Fig. 31—5c. The first is 
that the slope of each separate drain curve in the ohmic region decreases as Vos 
becomes more negative. This occurs because the channel resistance, rps, increases 
as Vg, becomes more negative. This useful feature allows using JFETs as voltage- 
variable resistances. 

The second important feature is that the drain-source voltage, Vps, at which 
pinch-off occurs, decreases as V,, becomes more negative. Technically, the 
pinch-off value of Vps can be specified for any value of Vos. This is expressed in 
Formula (31-1): 


Vos) = V — Vos (31-1) 


where V, is the pinch-off voltage for V, = 0 V and Vps is the pinch-off voltage for 
any value of Vos. In Formula (31-1), Vos, Vp, and Vos are absolute values, that is, 
their polarities are ignored. 

For any value of Vos; Vos) is the border between the ohmic and current-source 
regions. 


Transconductance Curve 


Figure 31-6 shows a graph of Jp versus Vos for the JFET in Fig. 31-5. This curve is 
called a transconductance curve. Notice that the graph is not linear because equal 
changes in V,, do not produce equal changes in Jp. 
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GOOD TO KNOW 


The transconductance curve of a 
JFET is unaffected by the circuit 
or biasing configuration in which 
the JFET is used. 
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Figure 31-6 Transconductance curve. 
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Calculating the Drain Current 
When the values of Zpss and Vegi) are known for any JFET, the drain current, Jp, can 
be calculated using Formula (31-2): 
y 2 
1 Toss i — 7| (31-2) 
GS(off) 


Formula (31-2) holds true only when Vps is equal to or greater than Vpse» 
Formula (31-2) can be used for any JFET (n-channel or p-channel) when Zpss and 
Vost are known. 


Example 31-1 


In Fig. 31-5a, calculate the drain current, Jp, for the following values of Vos: 
(a) 0 V, (b) —0.5 V, (c) —1 V, (d) —2 V, (e) —3 V. Assume Vps > Vpspy 
ANSWER Determine J, for each value of V,, by using Formula (31-2). 


(a) When Vos = 0 V, J, = Jpss, which is 10 mA in this case. 
(b) When V,, = —0.5 V, J, is calculated using Formula (31-2): 


2 
Va | 
Vascott) 


Ty = Ips |: = 


2 
= _ -0.5 V 
=10ma|t 254 


= 10 mA x 0.875? 
= 7.65 mA 


The calculations for (c), (d), and (e) are 
-i v| 

—4 V 

= 10 mA x 0.757 

= 5.62 mA 


(c) 1,=10mA| 5 
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GOOD TO KNOW 


The ohmic resistance of a JFET 
can be determined for any value 
of Vos by using the following 
formula: 

{| eee 

Vesto 

where Ros(on) is the ohmic 
resistance when Vps is small and 


Veg = OV. 


Field Effect Transistors 


2 

(d) p= 10ma [1 -=2¥ 

= 10 mA x 0.5? 

=2.5 mA 

z -=3V| 
(e) n=10ma fi = 

= 10 mA x 0.25? 

= 0.625 mA 


Remember that Formula (31-2) applies only when Vps is equal to or 
greater than Vose) 


More about the Ohmic Region 


When Vps is below Vps Formula (31-2) no longer applies. Instead the JFET must 
be considered a resistance. This resistance is designated rj.,.,. The exact value of 
Tps(on for a given JFET is dependent on the value of Vgs. When Vos = 0 V, foson has 
its lowest value. When Vos = Vosit “pscon) approaches infinity. The main point is 
that the channel resistance, Fps{on» increases as V,, becomes more negative. As men- 
tioned earlier, this useful feature allows using the JFET as a voltage-variable 
resistance. 


E 37-7 Self-Review 


Answers at the end of the chapter. 


Is a JFETss a voltage- or current-controlled device? 

What is a symmetrical JFET? 

In what region does J, increase in direct proportion to Vps? 

The pinch-off voltage, Vp, is the border between which two regions? 
Why is a JFET considered a “normally ox” device? 


ce Ro ap 


31-2 JFET Biasing Techniques 


Many techniques can be used to bias JFETs. In all the cases, however, the gate- 
source junction is reverse-biased. The most common biasing techniques are cov- 
ered in this section including gate bias, self-bias, voltage divider bias, and 
current-source bias. 


Gate Bias 


Figure 31—7a shows an example of gate bias. The negative gate voltage is applied 
through a gate resistor, Rẹ. Ro can be any value, but it is usually 100 KQ or larger. 
Since there is zero current in the gate lead of the JFET, the voltage drop across 
Rs is zero. The main purpose of Rọ is to isolate the gate from ground for AC 
signals. Figure 31—7b shows how an AC signal is coupled to the gate of a JFET. If 
Ro were omitted, as shown in Fig. 31—7c, no AC signal would appear at the gate 
because Vog is at ground for AC signals. R, is usually made equal to the value 
desired for the input impedance, Z,,, of the amplifier. Since the gate-source junc- 
tion of the JFET is reverse-biased, its impedance is at least several hundred meg- 
ohms, and therefore Z, = Ro In Fig. 31-7b, Ro = 1 MQ, so Za = 1 MQ also. 
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Figure 31-7 Gate bias. (a) Negative gate voltage applied through gate resistor, R.. (b) AC signal coupled to gate. (c) No AC signal at gate 
because R, has been omitted and gate is at AC ground. 
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When Vos is known, the value of the drain current is calculated using For- 
mula (31-2). Then Vps is calculated as 


Vps = Voo — Jp Rp (31-3) 


Gate bias is seldom used with JFETs because the characteristics of the individual 
JFETs used in mass production may vary over a wide range. Thus, for some circuits, 
the amount of Vos applied to the JFET may provide a very large drain current, 
whereas in other circuits, the same gate voltage might reduce the drain current, Jp, 
to nearly zero. 


Example 31-2 


Assume that the JFET circuit in Fig. 31—7a is to be mass-produced. The JFET 
has the following parameters: 


Parameter Minimum Maximum 
Toss 2 mA 20 mA 
Voscott) —2V —8 V 


For the range of JFET parameters shown, calculate the minimum and 
maximum values for J, and Vps if Veg = —1.5 V. 


ANSWER Begin by calculating Jp and Vps using the minimum values for 
Toss and Vasom: 


V 2 
Ty = Iss |: = s | 


Vascott) 5 
_ -15V 
=2mA |1- =y 
=2 mA x 0.25? 
= 125 uA 
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Now calculate Vps: 


Vos = Von — Jp 
= 20 V — (125 4A x 1 KQ) 
= 20 V - 0.125 V 
= 19.875 V 
Next, use the maximum values of Zpss and Vos to calculate Z, and Vps in 
Fig. 31-7a: : 
V: 
h= hss |1 -7 | 
a aog | Veson 
_ -15V 
=20 mA |: =8V | 
= 20 mA x 0.81257 


= 13.2 mA 


Vps is calculated next: 


Vos = Vop — pp 
= 20 V — (13.2 mA x 1 KQ) 
=20 V — 13.2 V 
=6.8 V 


Using Formula (31-1), the value of Vps) is 
Vose = Ve — Vas Note: V, = —(—Vésvorn) 


=8V-15V 
=6.5 V 


This means that Vps is still high enough to operate the JFET in the current- 
source region. If, however, Vps is below the value of Vps) then the JFET is no 
longer operating in the current-source region. Instead, it is operating in the 
ohmic region. This means that Formula (31-2) can no longer be used to 
calculate the drain current, Jp. Under these circumstances, the actual value of 
Toson) Must be known to calculate Z, and Vps accurately. 

This example illustrates the problem with gate bias. Even though Vos 
remains fixed at —1.5 V in both cases, Jp and V,, can vary over an extremely 
wide range. Then if the circuit is used as an AC amplifier, the Q point is very 
unpredictable from one circuit to the next. 


Self-Bias 


One of the most common ways to bias a JFET is with self-bias. (See Fig. 31—8a.) 
Notice that only a single power supply is used, the drain supply voltage, V,,. In 
this case, the voltage across the source resistor, R,, provides the gate-to-source bias 
voltage. But how is this possible? Here's how. 

When power is first applied, drain current flows and produces a voltage drop 
across the source resistor, R,. For the direction of drain current shown, the source is 
positive with respect to ground. Because there is no gate current, V,= 0 V. Therefore, 
Vos is calculated as 


Vos = Va — Vs 
=0V =V; 
Also, since 
V; = DRs 
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Figure 31-8 Self-bias. (a) Circuit. (b) Transconductance curve. 
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then, 
Vos = 0 V — DRs 
or 
Vos = —IpRs (31-4) 


Self-bias is very stable because any increase in the drain current, Jp, causes Vos 
to increase. The increase in Vos causes the drain current, Jp, to decrease, thereby 
offsetting the original increase in drain current. 

Likewise, a decrease in the drain current, Jp, causes V,, to decrease. This decrease 
in V,s causes the drain current, Jp, to increase to its original value. 


Self-Bias Calculations 


The source resistor, Rọ, must be carefully selected for any JFET circuit with self- 
bias. Normally the source resistor, R,, is chosen so that the drain current, Jp, equals 
approximately one-half of Jpss. To do this, V, must be set equal to approximately 
one-fourth the value of Vosi: This is a rough approximation that provides reason- 


I Vescot 
ably accurate results. [To prove that J, = Da when Vos © z 2 rearrange 
Formula (31-2).] A convenient formula for determining the source resistor, Rg, is 
—Vescorn 
R,=—4 
Toss 
2 


which simplifies to 


—Vescorry 
R, = => (31-5) 
à 2lpss 
Therefore, in Fig. 31—-8a, where Veso = —4 V and Ipss = 10 mA, R; = 
—(-4V) _ 
20mA = 7002. 
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Field Effect Transistors 


The quiescent values of V,, and J, are shown in Fig. 31-8. Notice that the val- 
ues of J, and Vos on the transconductance curve are not exactly 5 mA and —1 V, 
respectively, because a 200-Q source resistor, R,, allows slightly more than 5 mA of 
drain current. Using too small a value for R, makes J too close to the value of Ipg¢. 
However, using too large a value for R, allows too small a value for Jp. 


Example 31-3 


In Fig. 31-8, calculate the drain voltage, Vp. 


ANSWER With V, at approximately 1 V, J, is calculated as 


_1v 
200 2 


=5mA 


Since J, = Íp, J, = 5 mA also. 
To calculate V,, proceed as follows: 


Vp = Von — Lop 
= 10 V — (5 mA x 1 KQ) 
=5V 


Voltage Divider Bias 


Figure 31—9 shows a JFET with voltage divider bias. Since the gate-source junction 
has extremely high resistance (several hundred megohms), the R,-R, voltage divider 
is practically unloaded. Therefore, the gate voltage, V,, is calculated as 


R, 


VERR, 


x Vbp (31-6) 
The source voltage, Vs, is calculated as 

Vs = Vg — Vos (31-7) 
Since Jp = J, the drain current is 

Ip=—s (31-8) 
Also, the drain voltage, Vp, is 

Vo = Von — Jp (31-9) 


Although not proven here, voltage divider bias is more stable than either gate 
bias or self-bias. Voltage divider bias, however, does have its drawbacks. The value 
of J for a given value of V,. varies from one JFET to the next, making it difficult to 
predict the exact values of J, and V, for a given circuit. 
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Figure 31-9 Voltage divider bias. 
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Example 31-4 


+V = 15 V 


Ry =1kQ 


Tpss = 10 MA 
Veso) =-4V 


R, = 8009 


In Fig. 31-9, V,, = —1 V. Calculate Vo, Vs, Ip, and Vp- 


ANSWER Begin by calculating Vo. 


R, 
"OTR +R," 


= 100 kQ 
~ 390 KQ + 100 kQ 
=3 V 


Next, calculate V: 


Vs = Ve — Vos 
=3 V- (-1 V) 
=4V 


Calculate Jp as follows: 


Last, calculate Vp: 


Vp = Voo — Lop 
= 15 V — (5 mA x 1 kQ) 
=10V 


x15 V 
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Figure 31-10 = Current-source bias. 
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Field Effect Transistors 


Current-Source Bias 


Figure 31-10 shows one of the best ways to bias JFETs. The npn transistor with 
emitter bias acts like a current source for the JFET. The drain current, Jp, equals the 
collector current, Zœ, which is independent of the value of Vos. Therefore, 


l= 
Ie is calculated as 
Viz — V; 
I = = = (31-10) 
Rg 


Note that the drain current, Jp, will equal the collector current J, for all JFETs in 
the circuit. 


Example 31-5 


In Fig. 31-10, calculate the drain current, /,, and the drain voltage, Vp. 


ANSWER Begin by using Formula (31—10) to calculate the collector 
current, Ic: 


View 7 Vor 
Rg 

_15V-07V 

2.2 KQ 


=6.5 mA 


Since J. = I, Ip = 6.5 mA also. 
Vp is calculated as 


KE 


Vp = Vbo — Lop 
= 15 V — (6.5 mA x 1 kQ) 
=8.5 V 


E 37-2 Self-Review 


Answers at the end of the chapter. 


a. Which form of JFET bias produces the most unstable Q point? 
. Why is the gate voltage 0 V with self-bias? 
c. When biasing an n-channel JFET with voltage divider bias, is the 
source voltage less positive or more positive than the gate voltage? 


31-3 JFET Amplifiers 


JFETs are commonly used to amplify small AC signals. One reason for using a 
JFET instead of a bipolar transistor is that a very high input impedance, Z,,, can be 
obtained. A big disadvantage, however, is that the voltage gain, Ay, obtainable with 
a JFET is much smaller. This section analyzes the following JFET amplifier con- 
figurations: common-source (CS), common-gate (CG), and common-drain (CD). 
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g,, transconductance 


Before examining the basic JFET amplifier configurations, an analysis of the JFET’s 

transconductance curve is necessary (refer to Fig. 31-11). The transconductance 

curve reveals that equal changes in Vos do not produce equal changes in Jp. Higher 

on the transconductance curve, notice that Jp is more sensitive to changes in V¢,.. 
Mathematically, transconductance, g,,, is defined as follows: 


Al, 
Em = AVos 


(Vos > Vp) (31-11) 


where AJ, = change in drain current, and AV,, = change in gate-source 
voltage. 

Therefore, the transconductance, g,,, equals the change in drain current divided 
by the change in gate-source voltage for a fixed value of Vps- 

The unit of g,, is the siemens (S). In some cases, g,, is designated in mhos. Either 
way, the siemens or mho units represent the conductance, g,,, which is a ratio of 
current to voltage. Actually, the transconductance, g,,, indicates how effective the 
gate-source voltage is in controlling the drain current, Jp. 

To prove that g,, varies along the transconductance curve, make some calcula- 
tions (refer again to Fig. 31-11). Begin by calculating g,, using the Vos values of 
—2 V and —3 V. For Vos = —2 V, I = 2.5 mA. For Vos = —3 V, I = 0.625 mA. To 
calculate the transconductance, g,,, between these two points, proceed as shown: 


_ 2.5 mA — 0.625 mA 
m= 22V- (3V) 
_ 1.875 mA 
IV 
= 1.875 mS 


Next, calculate g, for the V,, values of 0 V and —1 V. The graph shows that Jp = 
5.625 mA when Vos = —1 V. Of course, when Vos = 0 V, Jp = Ipss, Which is 10 mA. 
The transconductance, g is calculated as 


_ 10 mA — 5.625 mA 
a= QV —(-I V) 
_ 4.375 mA 
IV 
= 4,375 mS 


Figure 31-11 JFET transconductance curve. 
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GOOD TO KNOW 


Because of the extremely high 
input impedance of a JFET, the 
input current is generally 
assumed to be 0 „A and the 
current gain of a JFET amplifier is 


an undefined quantity. 


GOOD TO KNOW 


For any JFET amplifier, the input 
signal that drives the gate (or 
source) should never be so large 
that it forward-biases the gate- 


source junction. 


Field Effect Transistors 


Notice how the transconductance, g,,, increases with the height of the transcon- 
ductance curve. 

The value of g,, can be calculated for any value of Vos by using Formula 
(31-12): 


8m = Emo |: mA S | (31-12) 


Voscott 
If g,,, 18 not known, it can be calculated as 


21, DSS 


31-13 
E Vascott ( ) 


Emo = 
where 8g = transconductance when Vos = 0 V, and g,, = transconductance for 
any gate-source voltage. 


Common-Source (CS) Amplifier—DC Analysis 


Figure 31-12a shows a common-source amplifier. The resistor, R, provides 
self-bias. Since Vos) = —4 V and Jpss = 10 mA, the R, value of 200 Q is calcu- 
lated by using Formula (31-5). This sets the Q point so that the drain current J, 
equals approximately one-half of J... At this point, the transconductance, g,» is 
relatively high, which is important to obtain as much voltage gain as possible. 
When V, and R, are known, the drain current, Jp, can be calculated. In Fig. 31—12a, 
Jp is calculated as 


ae oe 
200 Q 


=5mA 


The drain voltage is calculated as follows: 


Vp = Voo — pkp 
= 15 V — (5 mA x 1.5 kQ) 
=15V-7.5V 
=7.5V 


Common-Source Amplifier—AC Analysis 


For a common-source amplifier, the input voltage is applied to the gate and the out- 
put is taken at the drain. A common-source amplifier has high input impedance and 
moderate voltage gain. Also, the input and output voltages are 180° out of phase. 

In Fig. 31-12, the input voltage source, V,,, is capacitively coupled to the gate of 
the JFET, whereas the output is taken from the drain terminal. The AC signal volt- 
age at the gate produces variations in the gate-source voltage. This in turn produces 
variations in the drain current, Jp. 

Since the gate-source junction is reverse-biased, the gate-source impedance is of 
the order of several hundred megohms. Therefore, the input impedance, Z,,, of the 
amplifier equals R,. In Fig. 31—12a, Z,, = 1 MQ. 

The source bypass capacitor, C, holds the source terminal of the JFET constant 
at 1 V. C, also places the source at ground for AC signals. Since C, holds the DC 
source voltage constant, the input voltage, V,,, is directly across the gate-source 
junction, implying that V,, equals v,., which is the AC gate-source voltage. There- 
fore, V,, will make the gate-source voltage, v,,, vary in accordance with the input 
voltage, V,,. The output coupling capacitor, C w couples the AC signal voltage at the 
drain to the load resistor, R,. 


` 
gs 
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Figure 31-12 Common-source amplifier. (a) Original circuit. (b) AC 


equivalent circuit. 
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The AC equivalent circuit is shown in Fig. 31—12b. Notice that on the input side, 
R, = Za» which is 1 MQ. Again, this occurs because with practically zero gate cur- 
rent, the gate-source resistance, designated Ros, approaches infinity. 

Also, notice that the drain circuit acts like a constant current source with a value 
equal to g,,v,., Where v, is the AC voltage across the gate-source junction. Because 
Vpn is at AC ground, R, and R, are in parallel for AC signals. The voltage gain, Ay, 
is calculated as follows: 


Va 
Amy, 
in 
Vin 
Since i, = g,,V,, and Vp = v,,, then, 
Vos! 
A, = g "y = L 
which simplifies to 
Ay = Bali (31-14) 


This formula applies only when the source resistor, Rs, is bypassed. If R, is not 
bypassed, Ay is calculated using Formula (31-15): 


= Em” L AE 
Ae (31-15) 


Notice from Formulas (31—14) and (31-15) that A, is affected by the value of g,,. 
As shown earlier, g,,, is not constant but is controlled by the gate-source voltage, Vos- 
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For smaller values of Vc, g,, is higher, which makes A, larger. Likewise, A, can be 
reduced by increasing Vos- 


Example 31-6 


In Fig. 31-12, calculate the voltage gain, Ay, and the output voltage, V u 


ANSWER Begin by calculating the AC load resistance in the drain circuit: 


RXR, 
ROR, 
_ 15kQx 10kQ 
1.5kQ+ 10kQ 
= 1.3kQ 


Next, calculate the transconductance, g,,, using Formulas (31—12) and 
(31-13). First calculate g: 
21 ps5 
oe —Voscorn 
— 20 mA 
4V 
=5 mS 


Next, calculate g,,: 


V, 
= Í = GS | 
Em = Emo | Voste 


=5 mS |: -z1 
=5 mS x 0.75 
=3.75 mS 


With g„ known, calculate the voltage gain, Ay: 


Ay = BnL 
= 3.75 mS x 1.3 kQ 
= 4.875 


Finally, calculate the output voltage, Vw: 


Vout = Ay x Vin 
= 4.875 x 0.2 V, 
= 0.975 V,, 


Common-Drain (CD) Amplifier 


Figure 31—13a shows a common-drain amplifier, usually referred to as a source 
follower. This circuit is similar to the emitter follower circuit used with bipolar 
transistors. A source follower has high input impedance, low output impedance, 
and a voltage gain of less than one, or unity. In Fig. 31—13a, notice that the input 
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Figure 31-13 =Common-drain amplifier. (a) Original circuit. (b) AC equivalent circuit. 


+Vpp = 10 V 


Vesiorh =-8V 
Toss = 15 MA 


R, =1.8 kQ 


Output 


signal is applied to the gate, whereas the output is taken from the source. Notice 
that there is no drain resistor. Since the drain is tied directly to Vpp, it is at ground 
for AC signals. 

Figure 31—13b shows the AC equivalent circuit. Notice that R, and R, are in 
parallel for AC signals. R,, represents the very high resistance of the reverse-biased 
gate-source junction. 

As with the CS amplifier, the input impedance, Z,,, equals the gate resistor, Ro- 
Again, this occurs because Ros approaches infinity. In this circuit, Ro = 1 MQ, so 
Z,, = | MQ also. The equation for the voltage gain, Ay, is calculated by determining 
the formulas for V, and Vw: 


out* 


Visas = EmY gs” L 
Vin = Vgs T EmV gs L 


V, 
Since Ay= y 
= Em L e 
then, Ay = ETEA (31-16) 


Note that for a source follower the voltage gain, Ay, will always be less than 
one. 
The output impedance, Z,,,,, of a source follower is given by Formula (31-17): 


Zt = Rs II + (31-17) 


Chapter 31 


Field Effect Transistors 


Example 31-7 


In Fig. 31-13, calculate Ay, V,,,, and Zoue 


ANSWER Begin by calculating the AC load resistance in the source circuit: 


RXR, 
LER FR, 

_ 2409x 1.8 kQ 

240 Q + 1.8 kQ 
=211.7Q 


Next, calculate g,,, using Formula (31—13): 


Emo SE 


Next, calculate g: 
V, 
= 1 _ GS | 
Em = Emo | Voscott) 
=3.75ms |1 -= 
= 3.75 mS x 0.75 
= 2.8 mS 


Now A, can be calculated: 


—__2.8mS x 211.7Q 
142.8 mS x 211.70 


= 0.37 
Notice the low value for the voltage gain, Ay. When the product g7, is much 


greater than one, A, approaches unity. 
For a source follower, 0.37 is not an uncommon value for the voltage gain, Ay. 


Next, calculate Vu 


Voit = Ay x Vi 
=0.37 x 1 V, 
= 0.37 V, 


Finally, calculate Zw: 
1 
Zoi = Rg | En 
_ 1 
Sel 2.8 mS 
= 143.50 
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Figure 31-14 Common-gate amplifier. (a) Original circuit. (b) AC equivalent circuit. 


+Vpp = 12 V 


Vesior) =-4V 
Toss = 10 MA 


R, =15kQ 


Output 
r, = RoR, 


Common-Gate (CG) Amplifier 


A common-gate amplifier has a moderate voltage gain. Its big drawback, how- 
ever, is that Z, is quite low. Figure 31—14a shows a CG amplifier. Resistor R, is 
used to provide self-bias for the JFET. Notice that the input is applied to the 
source, whereas the output is taken from the drain. The AC equivalent circuit is 
shown in Fig. 31—14b. 

The AC output voltage, V, 


out? 


can be represented as 


Vout = EmY os". 


Since V; = V,» Write a formula for A, as follows: 


A a mV os! 
vy. 


gs 


= Sn! (31-18) 

The input impedance, Z, is 
Za =R; || + (31-19) 
The biggest disadvantage of the common-gate amplifier is its low value of input 


impedance, Z,,. Because of this undesirable characteristic, the CG amplifier is very 
seldom used. 
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Field Effect Transistors 


Example 31-8 


In Fig. 31-14, g,, = 3.75 mS for Vos = —1 V. Calculate Ay, V, 


out? 


and Zn- 


ANSWER Begin by calculating r, in the drain circuit: 
_ Ro XR 
~ Ry tR 
— 1.2 KQ x 15 KQ 
1.2 KQ + 15 kQ 
= 1.11 KQ 


r 


Next, calculate Ay and V,,,: 


out* 


Ay = 8nl'L 
= 3.75 mS X 1.11 KQ 
= 4.16 
Vout = Ay X Vin 
= 4.16 x 10 mV,,, 
= 41.6 MV pp 


Finally, calculate Z: 
1 
Zin z Rs I Pa i 
Fes 
=114Q 


E 31-3 Self-Review 

Answers at the end of the chapter. 

Does the transconductance, g,,, of a JFET vary with Vgs? 

Which JFET amplifier is also known as the source follower? 

Which JFET amplifier provides a 180° phase shift between V, and Vu? 


out® 
Which JFET amplifier has a high Z,,, a low Z,,,,, and a voltage gain 
less than one? 


e. What is the biggest drawback of the common-gate amplifier? 


Bos S 


in? out 


31-4 MOSFETs and Their Characteristics 


The metal-oxide-semiconductor field effect transistor has a gate, source, and drain 
just like the JFET. Like a JFET, the drain current in a MOSFET is controlled by the 
gate-source voltage Vos- There are two basic types of MOSFETs: the enhancement- 
type and the depletion-type. The enhancement-type MOSFET is usually referred to 
as an E-MOSFET, and the depletion-type MOSFET is referred to as a D- MOSFET. 

The key difference between JFETs and MOSFETs is that the gate terminal in a 
MOSFET is insulated from the channel. Because of this, MOSFETs are sometimes 
referred to as insulated gate FETs or IGFETs. Because of the insulated gate, the 
input impedance of a MOSFET is many times higher than that of a JFET. 


Depletion-Type MOSFET 


Figure 31—15a shows the construction of an n-channel depletion-type MOSFET, 
and Fig. 31—15b shows the schematic symbol. In Fig. 31—15a, the drain terminal is 
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Figure 31-15 n-channel depletion-type MOSFET. (a) Construction. (b) Schematic symbol. 


Drain (D) 


Channel 


Gate (G) 


SiO, a 


insulator 


I—® Substrate Ge | Substrate 


Source (S) 
(a) (b) 


at the top of the n-material and the source terminal is at the bottom. The block of 
p-type material forms the substrate into which the n-type material is embedded. The 
n-type material forms the channel. Along the n-channel, a thin layer of silicon diox- 
ide (SiO,) is deposited to isolate the gate from the channel. From gate to channel are 
the metal, silicon dioxide, and n-type semiconductor materials, in that order, which 
give the MOSFET its name. 

Notice in Fig. 31—15b that the substrate is connected to the source. This results 
in a three-terminal device. The solid line connecting the source and drain terminals 
indicates that depletion-type MOSFETs are “normally on” devices, which means 
that drain current flows when the gate-source voltage is zero. 


Zero Gate Voltage 


A depletion-type MOSFET can operate with either positive or negative gate volt- 
ages. As shown in Fig. 31—16a, the depletion-type MOSFET also conducts with the 
gate shorted to the source for V,, = 0 V. 

In Fig. 31—16a, notice that Vpp is connected between the drain and source with 
the drain positive relative to the source. Also, notice that the substrate is connected 


Figure 31-16 Current in an n-channel depletion-type MOSFET. (a) Current flow in an 
n-channel depletion-type MOSFET with V., = O V. (b) Drain curves. 


Ty (mA) 


Vos (volts) 
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Figure 31-17 (a) Drain current increases with positive gate voltage. (b) Drain current decreases with negative gate voltage. 


Ty (mA) o (mA) 


Figure 31-18  Transconductance curve 
of an n-channel depletion-type MOSFET. 


Ty (mA) 


Depletion mode 


Vos 


Field Effect Transistors 


Enhancement 


mode 


+Vos 


to the source. With the gate shorted to the source, drain current, Jp, will flow in the 
n-type channel. Because the p-type substrate is grounded, the n-channel and p-type 
substrate are always reverse-biased; this results in zero current in the substrate. Also, 
note that zero gate current flows because of the extremely high resistance of the 
SiO, insulating layer. The resistance between the gate and channel is of the order of 
several thousands of megohms. 

A depletion-type MOSFET is similar to a JFET in its operating characteristics, 
as shown in Fig. 31—16b. Notice that for each drain curve, the drain current increases 
linearly until the pinch-off voltage, V,, is reached. When V,,, is negative, pinch-off 
occurs sooner (lower values of Vps), and when Vos is made positive, pinch-off occurs 
later. Notice in Fig. 31—16b that the maximum drain current J, does not exist when 
Vos = 0 V. Yet Jpss is still defined the same way: it is the drain current with the gate 
shorted. 

Figure 31—17a shows a positive gate voltage applied to the depletion-type 
MOSFET. The positive gate voltage attracts free electrons into the channel from the 
substrate, thereby enhancing its conductivity. When the gate is made positive rela- 
tive to the source, the depletion-type MOSFET is said to be operating in the 
enhancement mode. 

Figure 31—17b shows a negative voltage applied to the gate. The negative gate 
voltage sets up an electric field that repels free electrons from the channel. When the 
gate is made negative relative to the source, the depletion-type MOSFET is said to 
be operating in the depletion mode. Making the gate negative enough will reduce 
the drain current, Jp, to zero. 

Figure 31-18 shows a transconductance curve for the n-channel depletion-type 
MOSFET. Jpss is the drain current that flows with the gate shorted to the source. It 
is important to note, however, that Jpss is not the maximum drain current that is 
obtainable. When V,, is positive, the depletion-type MOSFET operates in the 
enhancement mode, and the drain current increases beyond the value of pss- With 
Vos negative, the MOSFET operates in the depletion mode. If V,, is made negative 
enough, the drain current, Jp, will be reduced to zero. As with JFETs, the value of 
the gate-source voltage that reduces the drain current to zero is called the gate- 
source cutoff voltage, designated Vosit): 

One more point: because there is drain current with zero gate-source voltage, the 
device is referred to as a “normally ox” MOSFET. 
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Because D-MOSFETS are normally on devices, the drain current, Jp, can be 
calculated using Formula (31-2). This formula was given earlier as 


Vos 
Voscott) 


Tj — Toss |: — | (Vos > Vp) 


Example 31-9 


A D-MOSFET has the following characteristics: Zpss = 10 mA and Voge) = 
—4 V. Calculate the drain current, Jp, for (a) V4, = +2 V, (b) Vos = —2 V, and 
(c) Vos = 0 V. 


ANSWER For each value of V,, listed, the calculations are 


V 2. 
a. L, =la] l =- | 
” ue | Vascorn 


2 
=10ma|1-22¥ 


AN 
= 10 mA x 2.25 
= 22.5 mA 
2 
b. Ip = 10 ma -5% 
=10mA[1- 0.5} 
= 10 mA x 0.25 
=2.5 mA 


c. When Vos = 0 V, then Jp = Ipgs, and therefore J, = 10 mA. 


p-Channel Depletion-Type MOSFET 


Figure 31—19 shows the construction, schematic symbol, and transconductance 
curve for a p-channel depletion-type MOSFET. 

Figure 31—19a shows that the channel is made of p-type semiconductor material 
and the substrate is made of n-type semiconductor material. Because of this, p-chan- 
nel depletion-type MOSFETs require a negative drain voltage. 

Figure 31—19b shows the schematic symbol. Notice that the arrow points out- 
ward away from the p-type channel. 

Finally, the transconductance curve is shown in Fig. 31—19c. Compare this curve 
to the one in Fig. 31-18. Notice that they are opposite. As shown in Fig. 31—19c, the 
p-channel depletion-type MOSFET operates in the enhancement mode when Vos is 
negative and in the depletion mode when V,, is positive. Note that holes are the 
majority current carriers in the p-channel. 


Depletion-Type MOSFET Applications 


Depletion-type MOSFETs are frequently used as small signal amplifiers and fre- 
quency mixers. A depletion-type MOSFET used as a small signal amplifier is often 
biased so that the Q point has the following values: J, = pss and Vps = Vpp/2. 
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GOOD TO KNOW 


With the E-MOSFET, V,, has to 
be greater than V5.) to get any 


drain current at all! 
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Figure 31-19 p-channel depletion-type MOSFET. (a) Construction. (b) Schematic 
symbol. (c) Transconductance curve. 
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Selecting these values for the Q point allows the D-MOSFET to amplify small AC 
signals. Because D-MOSFETSs are quite similar to JFETs, the AC analysis used with 
JFETs can also be used with D-MOSFETs. For example, the voltage gain Ay of a CS 
amplifier that uses a D-MOSFET equals gnr- 

Also, MOSFETs might be used instead of JFETs if the input resistance of the 
JFETs is not high enough. 


Enhancement-Type MOSFETs 


Figure 31-20a shows the construction of an n-channel enhancement-type 
MOSFET. Notice that the p-type substrate makes contact with the SiO, insula- 
tor. Because of this, there is no channel for conduction between the drain and 
source terminals. 

Notice the polarities of the supply voltages in Fig. 31—20a. The drain and gate are 
made positive with respect to the source. With Vos = O V, there is no channel 
between the source and drain and so the drain current, Jp, is zero. 

To produce drain current, the positive gate voltage must be increased. This 
attracts electrons along the right edge of the SiO, insulator, as shown in Fig. 31—20b. 
The minimum gate-source voltage that makes drain current flow is called the 
threshold voltage, designated Vgq,). When the gate voltage is less than Vosan» the 
drain current, Jp, is zero. The value of Vos varies from one E-MOSFET to the next. 

Figure 3 1—20c shows the schematic symbol for the n-channel enhancement-type 
MOSFET. Notice the broken channel line. The broken line represents the “oFF” 
condition that exists with zero gate voltage. Because of this characteristic, 
enhancement-type MOSFETs are called “normally or” devices. 
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Figure 31-20 n-channel enhancement-type MOSFET. (a) Construction. (b) Electric 
charges on surface of SiO, insulating layer. (c) Schematic symbol. (d) Drain curves. 
(e) Transconductance curve. 
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Figure 31-20d shows a typical set of drain curves for the n-channel 
enhancement-type MOSFET. The lowest curve is the Vosa curve. For more posi- 
tive gate voltages, the drain current, Jp, increases. The transconductance curve is 
shown in Fig. 31—20e. Notice that /, is zero when the gate-source voltage is less 
than Vesan: 

Figure 31—2la shows a p-channel enhancement-type MOSFET. Notice the 
arrow pointing outward away from the p-type channel. Also, notice the negative 
gate and drain voltages. These are the required polarities for biasing the p-channel 
enhancement-type MOSFET. 


Figure 31-21 Biasing a p-channel enhancement-type MOSFET. (a) Proper biasing 
voltages. (b) Transconductance curve. 
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Figure 3 1—21b shows the transconductance curve for the p-channel enhancement- 
type MOSFET. Notice that Jp is zero until the gate-source voltage is more negative 
than —V, 


GS(th)* 


Enhancement-Type MOSFET Application 


E-MOSFETs have many applications in electronics. The most important application 
is in digital computer electronics. EE MOSFETs are used because they take up very 
little space on a chip (an integrated circuit) compared to the space used by an equiva- 
lent circuit with bipolar transistors. Thus, when packaging hundreds or even thou- 
sands of transistors onto an IC, MOSFETs are used. Another big reason that 
enhancement-type MOSFETs are used frequently is that they consume extremely 
little power. 


E 31-4 Self-Review 


Answers at the end of the chapter. 


Is a D-MOSFET a normally on or normally orr device? 

Is an E-MOSFET considered normally on or normally orF? 
What are the two operating modes for a D-MOSFET? 
What is the most common application for E-MOSFETs? 


Bopp 


31-5 MOSFET Biasing Techniques 
Zero Bias for Depletion-Type MOSFETs 


Figure 31—22a shows a popular biasing technique that can be used only with 
depletion-type MOSFETs. This form of bias is called zero bias because the potential 
difference across the gate-source region is zero. With Vos equal to zero, the quies- 
cent drain current, Jp, equals Jpss (see Fig. 31-22b). When V, drives the gate posi- 
tive, the drain current Jp increases. When V,, becomes negative, the drain current J, 
decreases. During the positive alternation of V,,, the D-MOSFET operates in the 
enhancement mode. When V, is negative, the n-channel D-MOSFET operates in 
the depletion mode. 


Figure 31-22 = Zero-biasing technique. (a) Common-source amplifier using zero bias. (b) Transconductance curve showing how I, varies 


with variations in Vos. 
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GOOD TO KNOW 


In many cases, bipolar transistors 
and MOSFETs are used in the 


same electronic circuit. 
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To calculate the DC voltage at the drain, use Formula (31-20): 
Vos = Vop = IpssRp (31-20) 
It is common to select R, such that Vps = Vpp/2. To do this, Rp is calculated by 
using Formula (31-21): 


Vop 
Rp = 2Ipss 


(31-21) 


Because of the common-source configuration shown in Fig. 31-22, the voltage 
gain, Ay, is calculated the same way as for the JFET common-source amplifier. 
Therefore, Ay = g „ři 

Even though zero bias is the most commonly used technique for biasing 
depletion-type MOSFETs, other techniques can also be used. These include self-bias, 
voltage divider bias, and current-source bias. 


Biasing Enhancement-Type MOSFETs 


Enhancement-type MOSFETs cannot be biased using the zero-bias technique 
because Vos must exceed Vo, to produce any drain current at all. Because of this, 
zero bias, self-bias, and current-source bias cannot be used with enhancement-type 
MOSFETs. 

Figure 31—23a shows one way to bias enhancement-type MOSFETs. This 
form of bias is called drain-feedback bias, which is similar to collector-feedback 
bias used with bipolar transistors. The manufacturer’s data sheet for 
enhancement-type MOSFETs usually specifies the value of Vesan and the coordi- 
nates of one point on the transconductance curve. The quantities Zoon» Vason» and 
Vosan are the parameters that are important when biasing E-MOSFETs. (See Fig. 
31-23.) 

The transconductance curve shown in Fig. 31—23b is for a Motorola 3N169 
enhancement-type MOSFET. The values shown for Ipon» Vosen» and Vegan) are 
“typical” values. 

It is somewhat unusual, but the drain resistor, Rp, must be properly selected to 
provide the required bias. R, can be calculated using Formula (31-22): 


(on)? 


Voo — V, 
Rp = DD j GS(on) (31-22) 


D(on) 


Figure 31-23 Biasing an n-channel enhancement-type MOSFET. 
(a) Circuit using drain feedback bias. (b) Transconductance curve showing values of Vosa» 
Veston AN oon: 
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Field Effect Transistors 


Since the gate current is zero, no voltage is dropped across the gate resistor, Rg. 
Therefore, Vos = Vps- 


Example 31-10 


In Fig. 31-23, calculate the value of R, to provide an Joon) of 10 mA. 


(on) 
ANSWER Using Formula (31-22) and the values from the 
transconductance curve in Fig. 31—23b, the calculations are as follows: 


Vop z Vascon) 
I 


D(on) 

_15V-10V 
10 mA 

= 500 Q 


Rp = 


A 470-Q resistor would provide the proper biasing voltage at the gate. 


E 37-5 Self-Review 
Answers at the end of the chapter. 


a. When a D-MOSFET uses zero bias, what is the value of J, with no 
signal? 
b. How much drain current flows in an E-MOSFET if Vos < Vegan? 


31-6 Handling MOSFETs 


One disadvantage of MOSFET devices is their extreme sensitivity to electro- 
static discharge (ESD) due to their insulated gate-source regions. The SiO, 
insulating layer is extremely thin and can be easily punctured by an electrostatic 
discharge. 

Because MOSFETs can be easily damaged from electrostatic discharge, extreme 
caution is recommended when handling them. (For more information on electro- 
static discharge, see Appendix G at the back of the book.) The following is a list of 
precautions: 


1. Never insert or remove MOSFETs from a circuit with the power on. 

2. Never apply input signals when the DC power supply is OFF. 

3. Wear a grounding strap on your wrist when handling MOSFET devices. 
This keeps the body at ground potential by bleeding off any buildup of 
static electric charge. 

4. When storing MOSFETs, keep the device leads in contact with 
conductive foam, or connect a shorting ring around the leads. 


It is extremely important to observe these precautions to avoid possible damage 
to the MOSFET device. 

Many manufacturers put protective zener diodes across the gate-source region to 
protect against ESD (shown in Fig. 31—24). The diodes are arranged so that they will 
conduct for either polarity of gate-source voltage, V,,. The breakdown voltage of 
the diodes is much higher than any voltage normally applied between the gate- 
source region but less than the breakdown voltage of the insulating material. One 
drawback of using the protective diodes is that the input impedance of the device is 
lowered considerably. 


1037 


Figure 31-24 Protective zener diodes connected across the gate-source region to 
protect against ESD. 
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E 37-6 Self-Review 


Answers at the end of the chapter. 
a. What area of a MOSFET is easily damaged by ESD? 


How does wearing a grounded wrist strap protect a MOSFET from 
damage by ESD? 
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Summary 


A JFET has three terminals: the gate, 
source, and drain. 


JFETs are voltage-controlled devices 
which means that the drain current, 
lp, is controlled by the amount of 
gate-source voltage, Vos. 


The input impedance of a JFET is 
normally very high, usually of the 
order of several megohms (MQ). 


A JFET is a “normally on” device 
because drain current flows when 
Vss = OV. 

The pinch-off voltage, Vp, is the 
drain-source voltage at which /, 
levels off. 


loss represents the drain-source 
current that flows when Ves =O V 
and Vps > Vp. loss is the maximum 
possible drain current for a JFET. 


The gate-source cutoff voltage, 
designated Vosen» is the amount of 
-s required to reduce the drain 
current, Ip, to zero. Vp = —(— Veson). 


The transconductance curve is 

a graph of lp versus V... The 
transconductance curve is nonlinear. 
The ratio of the change in drain 
current, A/p, to the change in gate- 
source voltage, AV<, is the 
transconductance, g,,. The unit of 
transconductance is the siemens (S). 


Important Terms 


Asymmetrical JFET — a JFET whose 
gate regions are offset from the 
center of the channel. The drain and 
source leads of an asymmetrical JFET 
cannot be interchanged. 


Channel — the area or conducting 
region between the drain and source 
terminals of an FET. The channel can 
be made of either n-type or p-type 
semiconductor material. 


Common-drain amplifier — an 

amplifier whose input is applied to 
the gate and its output is taken from 
the source. Another name for the 
common-drain amplifier is the source 
follower. 


Common-gate amplifier — an 
amplifier whose input is applied to 
the source and its output is taken 
from the drain. 


Field Effect Transistors 


The transconductance, g,,, tells us 
how effective V.. is in controlling /p. 


Gate bias, self-bias, voltage divider 
bias, and current-source bias are 
common ways of biasing a JFET. 
Gate bias is seldom used because its 
Q point is so unpredictable. 


FET amplifiers provide less voltage 
gain than bipolar transistor 


amplifiers. The input impedance of a 
FET amplifier is much higher, 


nowever. 


When the source resistor is 
bypassed, a CS amplifier has a 


voltage gain of gar. In a CS amplifier, 
n and V a are 180° out of phase. 


A common-drain amplifier is more 
commonly known as a source 
follower. A source follower has high 
input impedance, low output 
impedance, and a voltage gain less 


than one. 


A CG amplifier has a voltage gain 
equal to g,,r, just like the CS 


amplifier. However, V,, and V arein 


In out 
phase. The major drawback of a CG 
amplifier is its low input impedance. 
There are two basic types of 
MOSFETs: E-MOSFETs and 
D-MOSFETs. Like JFETs, MOSFETs 


are voltage-controlled devices. 


Common-source amplifier — an 
amplifier whose input is applied to 
the gate and its output is taken from 
the drain. 


Current-source region — the region of 
operation in which the drain of a JFET 
acts as a current source. The current- 
source region of operation exists 
when Vps > Vp. 


Depletion mode — the mode of 
operation for a MOSFET in which the 
polarity of V. reduces the drain 
current as the channel becomes 
depleted of available charge carriers. 

Drain — one of the three leads of an 
FET. The drain lead connects to one 
end of the conducting channel. 

Enhancement mode — the mode of 
operation for a MOSFET in which the 
polarity of V.g enhances the 


The main difference between a JFET 
and a MOSFET is that the gate in 
the MOSFET is insulated from the 
channel by a thin layer of silicon 
dioxide (SiO). This makes the input 
impedance of a MOSFET many 
times higher than that of a JFET. 


D-MOSFETs are “normally on” 
devices because drain current flows 
ss = OV. For D-MOSFETs, 
loss is not the maximum possible 
drain current. 


A D-MOSFET can operate in either 
the enhancement or depletion 
mode. 


An E-MOSFET is a “normally ofr” 
device because there is no drain 
current when Vs = 0 V. For an 
E-MOSFET, Vesan is the minimum 
gate-source voltage that produces 
drain current. 


One disadvantage of MOSFETs is 
their extreme sensitivity to damage 
by electrostatic discharge (ESD). 
When handling MOSFETs, extreme 
care must be taken to ensure that 


when 


static electricity does not puncture 
the thin layer of SiO, separating the 
gate and channel. 


When handling MOSFETs, wear a 
grounded wrist strap! 


conductivity of the channel, thus 
increasing the drain current. 


Field effect transistor (FET) — a unipolar 
device that relies on only one type of 
charge carrier, either free electrons or 
holes. FETs are voltage-controlled 
devices with an input voltage 
controlling the output current. 

Gate — one of the three leads of an FET. 
The gate is used to control the drain 
current. 

Gate-source cutoff voltage, Veson — 
the amount of gate-source voltage 
required to reduce the drain current, 
lp» to zero. 

IGFET — insulated gate field effect 

transistor. Another name for a MOSFET. 


JFET — junction field effect transistor. 


MOSFET — metal-oxide-semiconductor 
field effect transistor. 
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Ohmic region — the region of 

operation for a JFET where the drain 
current, lp, increases in direct 
proportion to Vps. The ohmic region of 
operation exists when Vps < Vp. 


Pinch-off voltage, Vp — the drain-source 
voltage at which the drain current, lp, 
levels off. V, is the border between the 
ohmic and current-source regions of 
operation. 


Related Formulas 


JFET 
Vose) = Vp — Vas 


2 
V 
la = lss |: -| (JFETs and D-MOSFETs) 


Vescon) 


Gate Bias 
Vos = Voo — loRo 


Self-Bias 
Ves = —!pRs 
—Vescott 
= 


Voltage Divider Bias 


R, 
Vo FRFR” Vop 
Vs = Ve — Ves 
Ip = Vs/Rs 
Vo = Voo — /oRo 

Current-Source Bias 

L= Veg = Veg 
C Re 


JFET Amplifiers 
Im = Alp/AVes 


In= In| 1-8 
5 a Veso 


Imo = 2loss/—Vosor 


(Vos > Vp) 


Self-Test 


Answers at the back of the book. 


1. AJFETisa 
a. unipolar device. 
b. voltage-controlled device. 


c. current controlled device. 


d. both a and b. 
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Source — one of the three leads of an 
FET. The source lead connects to one 
end of the conducting channel. 


Symmetrical JFET — a JFET whose gate 
regions are located in the center of the 
channel. The drain and source leads of a 
symmetrical JFET can be interchanged 
without affecting its operation. 


Threshold voltage, Vose — the minimum 
value of Vo. in an enhancement-type 


MOSFET that makes drain current 
flow. 


Transconductance, g,, — the ratio of the 
change in drain current, A/p, to the 
change in gate-source voltage, AV.., 
for a fixed value of Vps. The unit of 
Jm is the siemens (S). 


Unipolar — a term that describes a 
device having only one type of charge 
carrier, either free electrons or holes. 


Common-Source Amplifier 


Ay = Jah 
— mi 
A= 1+4,,Re 


(R; bypassed) 
(R, unbypassed) 


Common-Drain Amplifier 


I ml 
A=] +ga 

1 
Zu = Rolle 


Common-Gate Amplifier 


Ay = Inh 
1 
2,,= Rall 


D-MOSFET Zero Bias 


Vos = Voo 


B lossRo 
Ro = Voo /2loss 


E-MOSFET Drain-Feedback Bias 


R= 7 


D(on) 


2. The drain and source leads may be 
interchanged when using a(n) 


a. asymmetrical JFET. 
b. symmetrical JFET. 
c. D-type MOSFET. 


d. none of the above. 


Voo — V, 


GS(on) 


3. AJFETisa 
a. normally on device. 
b. normally orf device. 
c. bipolar device. 


d. current-controlled device. 
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4. When a JFET is operating in the 


ohmic region, 
a. lp is independent of Vps- 
b. Jp is independent of Vg... 


c. |, increases in direct proportion 
to Vps- 


d. the drain acts like a current source. 


. The value of drain to source voltage, 
Vps» at which the drain current, lp, 
levels off is called the 


a. cutoff voltage, Vesem- 
b. pinch-off voltage, Vp. 
c. breakdown voltage, Veg- 


d. threshold voltage, Vosa- 


. A JFET operates in the current- 
source region when 


a. Vos > Vp. 
b. Vos < Vp- 
c. Vas = OV. 
d. Vss = OV. 


. A JFET parameter that describes 
how effective the gate-source 
voltage is in controlling the drain 
current is called its 


a. gamma, 7y. 
b. Beta, J. 
c. transconductance, g,,. 


d. none of the above. 


- Which JFET amplifier is also known 
as a source follower? 


a. the common-source amplifier. 
b. the common-gate amplifier. 
c. the common-channel amplifier. 


d. the common-drain amplifier. 


. In which JFET amplifier are the AC 
input and output voltages 180° out 
of phase? 


a. the common-gate amplifier. 
b. the common-source amplifier. 
c. the common-drain amplifier. 


d. the source follower. 


Essay Questions 


10. 


11 


12. 


13. 


14. 


15. 


Which of the following JFET 16. Which of the following types of bias 
amplifiers has the lowest input produces the most unstable Q point 
impedance? in a JFET amplifier? 
a. the common-gate amplifier. a. gate bias. 
b. the common-source amplifier. b. current-source bias. 
c. the common-drain amplifier. c. voltage divider bias. 
d. the source follower. d. self-bias. 
. Which of the following JFET 17.When an n-channel JFET operates in 


amplifiers has a high Z,,, a low Z 


in? ‘out? 


and a voltage gain less than one? 


the ohmic region, 


a. fps increases as V., becomes less 


a. the common-gate amplifier. negative. 
b. the common-source amplifier. b. ros increases as V., becomes more 
c. the source follower. positive. 
d. botiaand b. C. Ips increases as Vg becomes more 
negative. 
A depletion-type MOSFET is a d. rps is independent of Vos. 
a. normally orf device. : N : 
. 18. In a JFET amplifier with self-bias, 

b. normally on device. 

f a.V,=OV. 
c. current-controlled device. Ter 
d. none of the above. oa 

č: Vos = HI 5 Re. 

An enhancement-type MOSFET is a d. all of the above. 


a. normally off device. 
19. For a depletion-type MOSFET with 


b. normally on device. zero bias, the drain current, lp, 


c. low input impedance device. equals 

d. current-controlled device. a. zero. 
For an enhancement-type MOSFET, b. foss- 
the threshold voltage, Vosa}, is the c. 1/2 loss- 


a. maximum allowable gate-source d. It cannot be determined. 


voltage before breakdown. i . . 
20. The input impedance of a MOSFET is 
b. gate-source voltage that produces 


a leveling off of lp. a. higher than that of a JFET. 
c. minimum gate-source voltage that b. lower than that of a JFET. 
makes drain current flow. c. no different than that of a JFET. 


d. none of the above. d. approximately zero ohms. 


To avoid damaging MOSFETs during 
handling, 


a. always wear a grounded wrist strap. 


b. never apply an input signal when 
the DC power supply is orF. 


c. never insert or remove them from 
a circuit when the power is on. 


d. all of the above. 


How is the gate-source junction of a JFET normally 4. Why are JFETs called “normally on” devices? 


biased? How much is the gate current, /., under these 


circumstances? 


For a JFET, what is the difference between the ohmic 


and current-source operating regions? 


What does the notation /pss stand for? 


Field Effect Transistors 


5. Why is self-bias a better way to bias a JFET than gate 
bias? 

6. Howis the transconductance, g,,, of a JFET affected 
by Voc? 


1041 


7. Which JFET amplifier has a 
a. low input impedance? 
b. low output impedance? 
c. high input impedance? 
d. 180° phase difference between V, and Voa? 
e. voltage gain less than one? 
8. Is an enhancement-type MOSFET considered to be a 
normally on or normally orr device? Why? 
Problems 
SECTION 31-1 JFETs AND THEIR CHARACTERISTICS 
31-1 In what part of a JFET does current flow? 
31-2 When looking at the schematic symbol of a JFET, how 
can you tell if it is a p-channel or n-channel JFET? 
31-3 Ina JFET, which two currents are identical? 
31-4 Foran n-channel JFET, what is the proper polarity for 
a. Voc? 
Be Voc? 
31-5 Forap-channel JFET, what is the proper polarity for 
a. Voc? 
b. Voc? 
31-6 Define Ve sry: 
31-7 Fora JFET, what is the pinch-off voltage, Vp? 
31-8 How are V, and Veco related? 
31-9 What happens to the pinch-off voltage of an n-channel 
FET as V., becomes more negative? 
31-10 Explain the difference between the ohmic and current- 


31-11 


source regions of operation for a JFET. 


An n-channel JFET has the following specifications: 
loss = 15 MA and Vesem = —4 V. Calculate the drain 
current, lp, for each of the following values of Ves 
(assume Vps > Vp): 


a. Vss = OV. 

b. Vss = —0.5 V. 
c. Vss = —1 V. 
d. Vs = —1.5 V. 
ê Vs ==2 V, 
f. Vss = —2.5 V. 
g- Vos = —3 V. 
h. Veg = —3.5 V. 
i. Vss = —4 V. 


31-12 An n-channel JFET has an /pss value of 8 mA and a Vesem 
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value of —3 V. Calculate the drain current, lp, for each 
of the following values of Vss (assume Vps > Vp): 


a. Vig = OV. 
b. Ves = —0.5 V. 


9. — In what mode is a depletion-type MOSFET operating if 


I, is 


a. greater than lpss? 


b. less than /pss? 


10. Why are MOSFETs so sensitive to damage by 
electrostatic discharge (ESD)? 


a na 


m 0 


Voge = 1 V. 
Vie = -1.5V. 

Veg = —2.25 V. 
Veg = —2.75 V. 


31-13 A p-channel JFET has an /pss value of 20 mA anda 
Vesem Value of +5 V. Calculate the drain current, lp, for 


ao w 


each of the following values of V.. (assume Vps > Vp): 
Vog = OV. 
aly) 
pes 2 NV. 
SSN. 
os = AV. 
og = OV. 


mY Ve 20) 


SECTION 31-2 JFET BIASING TECHNIQUES 


31-14 In Fig. 31—25, solve for |, and Vps for each of the 
following values of Vs: 


a. Voc = —1 V. 
b. Veg = —1.5 V. 
c. Vig = —2V. 
d. Vs = —2.5 V. 
Figure 31-25 
+Vop = 12 V 
Rp = 1.2 KQ 
pss = 12 MA 
Vestort) = -4V 
Ro=1MQ 
—Vec 
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31-15 The JFET in Fig. 31—26 has a drain current, lp, of 2.15 
mA. Solve for 


a. Vo. 
b. Ve. 
Vo 


n 


(oy 
Se 


Figure 31-26 


+Vpp = 18 V 
Rp = 3.3 kQ 
Ipsg = 10 MA 
Vesiott) =-4V 
[e 
Rs=1MQ Rs=1KQ 


31-16 In Fig. 31—27, what value of R, will provide a drain 
current, lp, of approximately one-half /pss? 


Figure 31-27 


Vop = 15 V 


Ry = 1.5 KQ 


Ipsg = 12 mA 
Ves(ort) =3V 


Rg =1MQ 


31-17 For the value of R, calculated in Prob. 31—16, solve for 
the following: 


a. Vo. 
b. Ve. 
Cx Voss 
d. Vp. 


31-18 If Vg = —1.15 V in Fig. 31—28, solve for the following: 


a. Vo. 


S. 


Field Effect Transistors 


Gely: 
d. Vp. 
Figure 31-28 
+Vpp =15 V 
R, = 10 MQ Rp =1kQ 
Ipsg = 10 MA 
Vescort) =-4V 
fe 
R: =5 MQ Rs =1.2 kQ 


31-19 In Fig. 31-29, solve for /, and Vp. 


Figure 31-29 
+Vpp = 20 V 
Ry = 47 kQ 
Ro =1MQ 
Re = 2.2 KQ 
Veg = 6 V 


SECTION 31-3 JFET AMPLIFIERS 


31-20 List one advantage and one disadvantage of a JFET 
amplifier versus a bipolar transistor amplifier. 


31-21 What is the formula for the transconductance of a 
JFET, and what is its unit of measure? 


31-22 A JFET has an /pss value of 12 mA and a Vesem value of 
—3 V. How much is gmo? 


31-23 For the JFET in Prob. 31—22, what is the value of g,, for 
each of the following values of Vag ? 


a. Veg = OV. 
b. Veg = —0.5 V. 
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c. Vs ==1 V. 31-28 In Fig. 31-31, solve for the following AC quantities: 
d. Vss = —1.5 V. IEAA 
e. Vss = —2 V. b. nr, 
f. Vog=—2.5 V. C. Imor 
d: Gi: 
31-24 In Fig. 31—30, solve for each of the following DC a 
quantities: e. Ay. 
ae Ves Tt (Vite 
b. Vos: g. ZA 
Gs lie 
d. Vp. 
Figure 31-30 
Vop = 20 V 
DSTO mA Ro = 4.7 kQ 
Vestn = -4 V 
Cou = 100 pF 


31-25 In Fig. 31—30, solve for each of the following AC 
quantities: 


a. Zo 


(a) 
Q 
3 
[e] 


a 
a 
3 


31-26 If the source bypass capacitor is removed in Fig. 31-30, 
calculate 


a. Ay. 


D. 


out* 


31-27 In Fig. 31-31, solve for the following DC quantities: 


a. Ves 
b. Voc. 
E Is. 

d. Vp. 
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R, =22kQ 


Figure 31-31 
loss = 12 MA +Vpp = 15 V 
Vesiort) =-3V 


Cn = 01 pF 


e 


out 


= 100 F 


31-29 In Fig. 31-32, solve for the following AC quantities: 


a. Imo- 
ba Gis 


rH: Oe. 1A 
N 
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Figure 31-32 


4Vpp = 18 V 
Toss = 10 mA 
Veso = —4 V Ry =3.3kQ 
Cn = 100 pF Co = 100 pF 


SECTION 31-4 MOSFETs AND THEIR 
CHARACTERISTICS 


31-30 What is the key difference in the way a JFET and 
MOSFET are constructed? 


31-31 What is another name for a MOSFET? 
31-32 What are the two different types of MOSFETs? 


31-33 Is /bss the maximum possible drain current for a 
D-MOSFETe? 


31-34 A D-MOSFET has an /bss value of 20 mA and a Veson 
value of —5 V. Calculate the drain current, lp, for each 
of the following values of Vos: 


a. Vss = —4 V. 
b. Vss = —3V. 

gH ZN. 

cs = —1 V. 
e. Vss = +1 V. 
f. Ves = +2 V. 
g. Voss = +3 V. 
h. Vos = +4 V. 


31-35 How much drain current flows in an n-channel 


E-MOSFET when Ves < Vesey? 


31-36 List two reasons why E-MOSFETs are typically used in 
computers. 


SECTION 31-5 MOSFET BIASING TECHNIQUES 
31-37 What type of bias is shown in Fig. 31-33? 


31-38 In what mode is the D-MOSFET operating in Fig. 
31-33 when Vi. is 
a. positive? 


b. negative? 


31-39 In Fig. 31-33, how much is the DC drain current? 


31-40 In Fig. 31-33, what value of R, will produce a drain- 
source voltage, Vps, of 18 V? 


Field Effect Transistors 


Figure 31-33 
Ipsg = 15 MA 
Vesior =-5V 


31-41 In Fig. 31-33, how much is Vps if Rọ equals 
a. 470 Q? 

b. 820 Q? 

c. 2 kQ? 


31-42 In Fig. 31-33, calculate Ay and V,,,, using the value of 
R, calculated in Prob. 31—40. 


31-43 What type of biasing arrangements will not work with 
-MOSFETs? 


mM 


31-44 Which type of bias is shown in Fig. 31-34? 


31-45 In Fig. 31-34, calculate the value of R, that will 
provide an /bon) of 10 mA for each of the following 
values of Vpp: 


a. Vop = 12V. 
b. V» = 18V. 
c. Vop = 24V. 
d. Vop = 36V. 
Figure 31-34 


SECTION 31-6 HANDLING MOSFETs 
31-46 In Fig. 31-24, what is the purpose of the protective diodes? 


31-47 What is one drawback of the protective diodes in 
Fig. 31-24? 
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Answers to Self-Reviews 31-1. 


. voltage-controlled 
. a JFET where the drain and 


source terminals may be 
interchanged 


31-4 


. the source follower (Common 


drain) 


. its low Z, 


. normally on 


c. the ohmic region 
d. the ohmic and current-source b. normally oFF 
regions . the enhancement and 
e. because drain current flows depletion modes 
when Vs =O V . their use in digital computers 
31-2 a. gate bias 31-5 a. lbss 
b. because the gate current, le, . zero 
is zero 
c. more positive 31-6 a. the SiO, insulator separating 
the gate from the channel 
31-3 a. yes b. it helps bleed off any buildup 


oo 


Laboratory Application Assignment 


In this lab application assignment, you will examine a biasing 
technique commonly used with JFETs known as self-bias. Due 
to the wide range over which JFET parameters can vary, 
predicting exact circuit values can be difficult. Therefore, this 
experiment is unique in that you will not make any circuit 
calculations, only measurements. You will build a common- 
source amplifier and determine its voltage gain, Ay. 


Equipment: Obtain the following items from your instructor. 


* Two MPF102 n-channel JFETs or equivalent 

* O.1-"F capacitor and two 100-pF electrolytic capacitors 
+ Assortment of carbon-film resistors 

e Oscilloscope 

> DMM 

+ Variable dc power supply 

+ Function generator 


Self-Bias 


Construct the circuit in Fig. 31-35a. Measure and record the 
following DC values: 
> Vz = > 


c= i 


D= Vos = 
Based on your measured values of V, and Vz, calculate Vc. 


Gam 


Replace the JFET in Fig. 31—35a with a different MPF102, and 
repeat the same measurements. 


c= oly = AS > 
Diag Vos = 
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. the common-drain amplifier 
c. the common-source amplifier 


of static electric charge on the 
person handling the MOSFET 


Based on your measured values of V, and V, calculate Vc. 


Ves = 


Was there any difference in Vșs and /, from one JFET to the 
next? 


Common-Source Amplifier 


Modify the circuit in Fig. 31—35a to that shown in Fig. 31-35b. 
(Which JFET you use doesn't matter.) Connect channel 1 of the 
oscilloscope to the gate and channel 2 to the load resistor, R,. 
With the input voltage, Va adjusted to exactly 100 mV,,,, 
measure and record the peak-to-peak output voltage. Vout) = 
Calculate the voltage gain, Ay, based on the 
measured values of V u and V,,.A, = 
Remove the source bypass capacitor, C, and remeasure V,,.¢.,)- 
Vout(e-p) = Also, recalculate Ay. Ay = 
How did removing the source bypass capacitor affect the 
voltage gain, Ay? 


Measure and record the phase relationship between V,, and 
Vout: O = 


In general, is the voltage gain of a common-source amplifier less 
than or greater than that of a common-emitter amplifier? 
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Figure 31-35 


+Vpp = 15 V 
MPF102 Ry = 3.3 KQ 
Ro=1MQ Ry =1kQ 
(a) 
+V pp = 15 V 
Rp =3.3kQ 


Cy = 100 pF 


C= 0.1 pF 


R, = 100 KQ 


V,, = 100 mV 
f=1kHz 


Pap: C; = 100 uF 


Design credit Multisim: ©Stockbyte/Getty Images 
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Power 
Amplifiers 


power amplifier is a circuit that is capable of delivering large amounts of power 
AY: a low impedance load. The three general classes for power amplifiers are 
class A, class B, and class C. These amplifier classifications are based on the percentage 
of the AC input cycle for which the transistor amplifier operates in the active region. 


This chapter discusses how to calculate the AC load power, transistor power 
dissipation, DC input power, and percent efficiency for a power amplifier. E 


32-1 Classes of Operation 
32-2 Class A Amplifiers 


32-3 Class B Push-Pull Amplifiers 
32-4 Class C Amplifiers 


After studying this chapter, you should be able to 


Define the different classes of operation for a 
transistor amplifier. 

Calculate the AC load power, DC input power, 
and percent efficiency of a class A amplifier. 
Draw the AC load line for an RC-coupled class A 
amplifier. 

Explain the operation of a class B push-pull 
amplifier. 

Calculate the DC quantities in a class B push- 
pull amplifier. 


Explain the advantage of using diode bias 
instead of standard resistor biasing in a 
class B push-pull amplifier. 


™ Define the term crossover distortion and 
explain why it occurs in a class B push-pull 
amplifier. 


B® Calculate the AC load power, DC input power, 
and percent efficiency of a class B push-pull 
amplifier. 


m Explain the operation of a class C amplifier with 
a tuned LC tank circuit in the collector. 

m Explain why the DC base voltage is negative 
for a class C amplifier using an npn transistor. 

m Explain how a class C rf amplifier can be 
used as a frequency multiplier. 


AC load line class C amplifier 
AC load power, P, class B push-pull 
class A amplifier amplifier 


class B amplifier 


crossover distortion 


DC input power, Pec percent efficiency 
diode bias power amplifier 
frequency multiplier 

linear amplifier 


Power Amplifiers 
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GOOD TO KNOW 


Between class A and class B is 
class AB operation. The collector 
current, le, of a transistor ina 
class AB amplifier flows for 210° 
of the AC input cycle. 
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32-1 Classes of Operation 


The class of operation for an amplifier is defined by the percentage of the AC input 
cycle that produces an output current. The class of operation for an amplifier deter- 
mines its power efficiency. It also determines how much the input signal is distorted 
by the amplifier. Figure 32—1 shows typical input and output waveforms for class A, 
B, and C transistor amplifiers. 


Class A Operation 


The collector current, /., of a transistor in a class A amplifier flows for the full 360° 
of the input waveform, as shown in Fig. 32—1a and b. Figure 32—la shows the AC 
signal voltage driving the base of the transistor, and Fig. 32—1b shows the resultant 
collector current, J. 

A class A amplifier is one that is used as a linear amplifier, that is, the circuit 
must produce an output signal, although amplified, that is an exact replica of the 
input signal. The input signal must never drive the transistor into either cutoff or 
saturation. If it does, the output waveform will be clipped off at one or both of its 
peaks. For class A operation, the DC bias should provide a quiescent collector 


Figure 32-1 Class of operation for transistor amplifiers in terms of the conduction angle. 
(a) Sine wave of input voltage. Two full cycles are shown. (b) Collector current, /., flows for 
360° of the input cycle in a class A amplifier. (c) Collector current, le, flows for 180° of the 
input cycle in a class B amplifier. (d) Collector current, le, flows for 120° or less of the input 
cycle in a class C amplifier. 


Input signal 
(a) á 
(b) Ï AA Class A 
(c) Ic 
(0) Class B 
(d) Ic | , | | 
(0) Class C 
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current, Io, that is approximately one-half its maximum value at saturation. Then the 
AC output signal can swing above and below this value without the transistor imme- 
diately reaching either cutoff or saturation. The characteristics of a class A amplifier 
include both low distortion and low power efficiency. 


Class B Operation 


The collector current, /., of a transistor in a class B amplifier flows for only 180° 
of the input waveform. Because of this, the waveform at the output of a class B 
amplifier is badly distorted. The input and output waveforms for a class B amplifier 
are shown in Fig. 32—1a and c. The collector current, [,, flows only for 180° of the 
input cycle because the DC bias for the transistor produces a quiescent collector 
current, Io, of zero. In other words, the transistor in a class B amplifier is biased right 
at cutoff. During the half-cycle when the transistor does conduct the collector cur- 
rent, J, may or may not increase to its maximum value at saturation. 

Class B operation with a single transistor corresponds to half-wave rectification 
of the input signal. When the input signal makes the transistor conduct, this half of 
the input is amplified linearly and is a good replica of that corresponding half of the 
input cycle. If the class B amplifier must yield a symmetrical output in special cases, 
two transistors can be used to provide opposite half-cycles of the signal at the out- 
put. The characteristics of a class B amplifier using a single transistor include 
medium efficiency and severe distortion. 


Class C Operation 


The collector current, Io, of a transistor in a class C amplifier flows for less than 
180° of the input waveform, which distorts the output waveform from the amplifier. 
The input and output waveforms of a class C amplifier are shown in Fig. 32—la and 
d. The typical operation of a class C amplifier provides a collector current that flows 
for approximately 120° or less of the AC input cycle. In some cases, the collector 
current, Jc, flows in very short narrow pulses where the conduction angle of the 
transistor is 30° or less. The collector current, Je, flows for less than 180° of the 
input cycle because the transistor is biased beyond cutoff. Thus, part of the input 
signal must be used to overcome the DC bias before the transistor can conduct. 
Class C operation is generally used for rf amplifiers with a tuned or resonant tank 
circuit in the output. The LC tank circuit is capable of reproducing the full sine-wave 
cycle at the output for each short pulse of collector current. 

The characteristics of a class C amplifier include very high efficiency (approach- 
ing 100%) and severe distortion of the input signal. However, in the case of distor- 
tion, a tank circuit can be used to reproduce the full sine wave at the output. 


E 32-1 Self-Review 


Answers at the end of the chapter. 


a. Inaclass A amplifier, the collector current flows for 360° of the AC 
input cycle. (True/False) 

b. The transistor in a true class B amplifier is biased right at cutoff. 
(True/False) 

c. Class C amplifiers cannot be used as tuned rf amplifiers. (True/False) 


32-2 Class A Amplifiers 


All of the small signal amplifiers covered so far in this text have been biased to oper- 
ate as class A amplifiers. The input signal amplitude of any class A amplifier should 
not be large enough to drive the transistor into either cutoff or saturation. If the 
signal amplitude at the input is too large, either or both peaks of the output wave- 
form will be clipped off (flattened). 


1051 


Analyzing the Class A Amplifier 


Figure 32—2a shows a common-emitter class A amplifier. For simplicity, the transistor 
is biased using base bias. The base resistor, Rp, is a variable resistor adjusted to a value 
equal to 190.67 kQ. This provides a Q point located at the center of the DC load line. 

To begin the analysis, calculate the DC quantities. Begin by calculating the DC 
base current, Jp: 


B 


=16V=07V 
190.67 kQ 


=75 uA 


Next, calculate the collector current, J: 


Io = g X foc 
=75 nA X 100 
=7.5 mA 


Finally, calculate the collector-emitter voltage, Vog: 


Von = Veo — [Re 
= 15 V — (7.5 mA x 1 kQ) 
=15V -7.5 V 
=7.5 V 


The endpoints for the DC load line can be calculated as: 


Verot = Vec 


Figure 32-2 Common-emitter class A amplifier. (a) Circuit. (b) DC load line. 


Rg = 190.67 KQ 
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+Voc=15V 


Tegan = 15 MA 


DC load line 


Ico =7.5 mA Q point 


Output 


L 


Voa =7.5 V Veetony = 15 V 
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Note that when the transistor is cut off (J, = 0 mA), the collector-emitter region 
appears open and the voltage Vog = Vcc, which is 15 V in this case. Conversely, when 
the transistor is saturated, the collector-emitter region appears shorted (Vog = 0 V) 
and only the values of Voc and R, limit Jc. 

Figure 32—2b shows the values for Vog,o¢), and Zega The DC load line also shows 
the quiescent (Q point) values for J, and Vog. Note that these values are designated 
Ico and Vogo. Notice also in Fig. 31-2% that the Q point is centered exactly on the DC 
load line. Because the Q point is exactly centered, the maximum possible peak-to- 
peak output voltage can be obtained from the amplifier. In this case, the collector- 
emitter voltage, Vog, can swing +7.5 V from its Q point value of 7.5 V without any 
clipping. 

In Fig. 32—2a, the voltage gain, Ay, is calculated as 


In Fig. 32-2a, I, © I, = 7.5 mA. Therefore, r’, is calculated as 


,_ 25mV 
= a 


_ 25mV 
7.5 mA 


= 3.33 Q 


The voltage gain, Ay, can now be calculated: 


With Ay known, V,,, is calculated as 


Vain = Ay x Vin 
= 300 x 50 mV,, 
=15 V 


With 15 V, at the output, the entire DC load line is used. On the positive 
alternation of output voltage, Vog increases from 7.5 V to 15 V. On the negative 
alternation, Vog decreases from 7.5 V to 0 V. Even though clipping will not occur, 
driving the amplifier this hard is going to cause extreme distortion of the input 
signal being amplified due to the nonlinearity of the emitter diode. However, for 
the analysis here, assume that the output of 15 V,p is a pure undistorted 
waveform. 


Transistor Power Dissipation 


With no AC input signal applied to the amplifier, the transistor has a power dissipa- 
tion of 
Pi = Vong X Ico 


This power dissipation must not exceed the power rating, Pa of the transistor. 


In Fig. 32—2a, the transistor power dissipation, P,, is 


(max)? 
Pa = Vergo X Ico 


=75Vx7.5mA 
= 56.25 mW 
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The P, of 56.25 mW represents the maximum power dissipation of the transistor 
in Fig. 32—2a. In a class A amplifier, the power dissipation in the transistor decreases 
when an AC signal is applied to the input. 


AC Load Power, P, 


In Fig. 32—2a, the AC load power equals the power dissipated by the collector resis- 
tance, Ro. Therefore, P, is calculated using the following formula: 


2 


p, = men (32-1) 
L BRe 


In Fig. 32-2b, P, calculated as 


2 


_ out(p-p) 
PL= ER. 
15 V2, 


8 KQ 
= 28.125 mW 


DC Input Power, P-- 


The DC power supplied to the class A amplifier in Fig. 32—2a is the product of Vi. 
and the total DC current drain from the power supply. The total DC current drain is 
designated J... This gives the following formula: 


Poc = Vee X Lec (32-2) 


where Pec represents the DC power supplied to the class A amplifier. 
In Fig. 32-2a, Iy is 100 times smaller than J, and therefore Ioc + Ie. Since Ioc % 
le =7.5 mA in Fig. 32-2a, Poc is calculated as 


Poc = 15 V x 7.5 mA 
= 112.5 mW 


Remember that the base current, J4, can be ignored because J, is 100 times 
smaller than the collector current, [.. 


Percent Efficiency 


The percent efficiency of any amplifier is defined as the percentage of the DC input 
power (Pec) that is converted to useful AC power output. This is expressed in 
Formula (32-3): 


Percent efficiency = a x 100 (32-3) 


ec 
In Fig. 32—2a, the calculations are 
P 
Percent efficiency = = x 100 
P ec 


_ 28.125 mW 
= T25 mW %0 


= 25% 


The maximum theoretical efficiency possible for a class A amplifier using a 
single collector resistor, Re, is 25%. 


RC-Coupled Class A Amplifier 


Figure 32-3a shows the addition of a load resistor, R. This circuit is called an RC- 
coupled amplifier because the AC voltage at the collector is capacitively coupled to 
the load resistor R,. There are two loads for this type of amplifier: a DC load and 
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Figure 32-3 RCcoupled class A amplifier. (a) Circuit. (b) DC and AC load lines. 


+Vec = 15 V 


Rg = 190.67 KQ 


Poc = 100 


(ea 
R =1KQ 
Vn = 50 mV, 
(a) 

ica = 22.5 MA 

C(sat) AC load line 
15 mA 

Ico =7.5 mA DC load line 


Veea=75V Veen =1.25V 15V 


(b) 


an AC load. This implies that there are two load lines: a DC load line and an AC 
load line. The DC load line shown in Fig. 32-3b has the same endpoints as calcu- 
lated previously with Fig. 32-2 because the DC quantities do not change with the 
addition of R, 


AC Load Line 


When the AC load resistance is known, the endpoints for the AC load line can be 
determined. In Fig. 32-3a, the AC load resistance, r, = Re || R = 500 Q. 

To calculate the endpoints of the AC load line in Fig. 32-3b, use Formulas (32- 
4) and (32-5): 


. V, 
lesan = tco t A (32-4) 
Verot = Vero + Leo! (32-5) 


[The derivation of Formulas (32-4) and (32-5) is quite lengthy and is therefore 
not covered in this text. ] 
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GOOD TO KNOW 


The voltage gain and output 
voltage of an amplifier are 
affected by the following 
capacitances: coupling 
capacitors, bypass capacitors, 
internal transistor capacitance, 
and stray wiring capacitance. The 
coupling and bypass capacitors 
affect the output voltage at low 
frequencies because their Xe 
begins to increase substantially. 
The internal transistor 
Capacitance and stray wiring 
capacitance affect the output 
voltage at higher frequencies 
because their X, begins to 
decrease substantially. A graph 
of output voltage versus 
frequency for an amplifier is 


called its frequency response. 
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For Fig. 32-30, ig¢ai) and Vego are Calculated as shown: 


: Verg 

lesan = tco t Ti 
=75mA+25¥ 
=7.5 mA + 15 mA 


= 22.5 mA 


Veet) = VoEo + Teoh L 
=7.5 V + (7.5 mA x 500 Q) 
=7.5 V +3.75 V 
= 11.25 V 


These values for Voger and Fc.) are Shown on the AC load line in Fig. 32-35. 

In Fig. 32-35, notice that the Q point is centered on the DC load line but not on 
the AC load line. The Q point for the AC load line is below center. Because of this, 
the collector-emitter voltage, Vog, can change only from 7.5 V to 11.25 V in the posi- 
tive direction, which is a 3.75 V excursion. If V., tries to increase beyond 11.25 V, 
clipping will occur. Therefore, for the circuit shown, the maximum unclipped peak- 
to-peak output voltage equals 2 x 3.75 Vp =7.5 Vp 

To calculate the voltage gain A, with R, connected, proceed as follows: 


Ay = + 
— 500 Q 
3.33 Q 
= 150 
Therefore, 
Voa = Ay x Vin 
= 150 x 50 mV,,, 
=75 Vip 
With V upp Known, the AC load power can be calculated using Formula (32-6): 
p, = >a (32-6) 
E BR 


Note: R, is the load driven by the amplifier. 
In Fig. 32-3a, P, is calculated as 
dso re 
P= BO 
= 7.031 mW 


Since Poc was calculated earlier (in Fig. 32-2) as 112.5 mW, the percent effi- 
ciency is calculated as: 


P 
Percent efficiency = JA x 100 
cc 


_ 7.031 mW 
=T125 mW * 


= 6.25% 


Notice the significant drop in the efficiency of the amplifier. This is due to the 
fact that the AC output voltage has been reduced by a factor of 2, while the DC input 
power remains the same. 

If a slight increase in the AC output power is desired, the Q point must be cen- 
tered on the AC load line. Engineers, or technicians, will not usually worry about 
this unless they want to obtain the absolute maximum possible AC load power. For 
a small signal class A amplifier, this is usually not a major concern. 
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One more point: The maximum possible efficiency of an RC-coupled class A 
amplifier cannot exceed 8.33% no matter what is done. To obtain an efficiency of 
8.33%, Ro must equal R, and the Q point must be centered on the AC load line. Also, 
the power losses in the biasing resistors must be insignificant with respect to the DC 
power consumed in the collector circuit. 


Example 32-1 


In Fig. 32-4, calculate the following DC quantities: Ico, Vegg, Par Lecca and 
Veron: Also, draw the DC load line. 


ANSWER Begin by calculating the DC voltage at the base and emitter 

terminals: 

R, 

Y= RFR, 
2.7 KQ 

= 78kO+2.7KQ *70V 

=2.6V 


X Vec 


Figure 32-4 Common-emitter class A amplifier used for Example 32-1. 
(a) Circuit. (b) DC and AC load lines. 


+Veg = 20V 


Vn = 25 MV p 


i = 24.89 mA 
C(sat) AC load line 


Teyat) = 16.1 MA 


Ico = 7.91 mA DC load line 


Vea =10.19V Vegon =14-93V Veron = 20 V 
(b) 
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Vi = Vg — Vor 
=26V-0.7V 
=19V 


Since J, 7 Ic, 


_19V 
~ 240 Q 
=7.91 mA 


Vexo İs calculated as 


Voro = Vec — colRe + Ry) 
= 20 V — (7.91 mA x 1.24 kQ) 
= 10.19 V 


The transistor power dissipation, P}, is 
Pi = Vero X Leg 
= 10.19 V x 7.91 mA 
= 80.6 mW 


Remember that the transistor power dissipation, P,, for a class A amplifier is 
maximum when there is no input signal. As the signal voltage at the collector 
increases, the amount of power dissipated by the transistor decreases. 

The DC load line is shown in Fig. 32—4b. The values for the endpoints Tega 
and Voxor) are calculated as 


| A Ka 
C(sat) Re + Ra 
_ 20V 
~ 1.24kQ 
= 16.1 mA 
Vorot) = Vec 
=20V 


The values for Logan» Veron as well as Zoo and Vego are shown on the DC load 
line in Fig. 32—4b. 


Example 32-2 


In Fig. 32-4, calculate the following AC quantities: Ay, Vuo Pi» Poco and 


percent efficiency. Also, calculate the endpoints for the AC load line. 


ANSWER Begin by calculating the value for r, and r,. First, find 7“. 
Since Ico = 7.91 mA, then, 


r = 23 mV 
e 7.91 mA 
=3.16Q 
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Next, calculate the AC load resistance, r: 


RXR, 
MERR, 
_ 1kQx 1.5kQ 
1kQ41.5kQ 
= 600 Q 


Knowing r, and r’, now calculate the voltage gain, Ay. 


~316Q 
zx 190 


Next, calculate V: 


out" 
V, 


MEEA 

= 190 x 25 mV „p 

= 4.75 V pp 

With V „ known, calculate the AC load power, P,: 
Vuo 


neng 


= 1.88 mW 
The DC input power is calculated as 
Poc = Vec X Lec 


where Tec is the total DC current drain from the power supply, Vec- Zec equals 
the sum of the collector current, /., and the current through the base voltage 
divider, consisting of R, and R,. Icc is calculated as 


Loc = lya tle 
where 
L = Vec 
va R, +R, 
= 20 V 
18 kQ + 2.7 KQ 
= 966 uA 


Since Io = 7.91 mA, Ioc is 


Tec = 966 pA + 7.91 mA 
= 8.87 mA 


With Zcc known, Peoc is calculated as 


Pec = Vec X Lee 
= 20 V x 8.87 mA 
= 177.4 mW 
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With P, and Poc known, the percent efficiency can be calculated: 
P 
Percent efficiency = P- x 100 
ce 
— 1.88 mW 
= 1774 mw * 100 
=1% 


Notice the extremely low efficiency. Remember, even under ideal 
conditions, the maximum theoretical efficiency of an RC-coupled class A 
amplifier is 8.33%. An efficiency of 1% means that only 1% of the DC input 
power, Poc, is converted to useful AC power output. 

Finally, calculate the endpoints for the AC load line using 
Formulas (32-4) and (31-5): 


. Vergo 

Lesat) = log F EI 
=7.91 mA + 
= 24.89 mA 


Verot) = Vero + Teg" L 
= 10.19 V + (7.91 mA x 600 Q) 


= 14.93 V 


Figure 32—4b shows the AC load line with the calculated values for i,,,,., and 
Vcgcrn: It is important to note that the output voltage cannot increase to a peak 
value greater than 14.93 V, which means that the maximum positive excursion 
from the Q point is 14.93 V — 10.19 V = 4.74 V. Since V,,, can also decrease 
by the same amount without clipping, the maximum unclipped output from the 
circuit equals 2 x 4.74 V = 9.48 Vp Va cannot increase beyond this value 
without having the positive output peak flattened. Since Vu = 4.75 V pp as 
calculated earlier, the circuit is operating without the possibility of reaching 
either cutoff or saturation on the AC load line. 


E 32-2 Self-Review 
Answers at the end of the chapter. 


a. Class A amplifiers are nearly 100% efficient. (True/False) 
b. Inaclass A amplifier, the power dissipation in the transistor 
decreases as the peak-to-peak output voltage increases. (True/False) 


32-3 Class B Push-Pull Amplifiers 


The collector current, /., of a transistor in a class B amplifier flows for 180° of the 
AC input cycle. For the other 180°, the transistor is cut off. A true class B amplifier 
is biased such that the Q point is located right at cutoff. The main advantage of 
class B operation versus class A operation is that class B operation is more efficient, 
that is, more AC load power can be obtained for the same amount of DC input 
power. The main disadvantage of class B operation, however, is that two transistors 
must be used to get a linear reproduction of the input waveform being amplified. 
Figure 32—5a shows a class B push-pull amplifier. The transistors, Q, and Q,, 
conduct during opposite half-cycles of the input waveform. When V,, is positive, Q, 
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Figure 32-5 Class B push-pull amplifier. (a) Circuit. (6) DC and AC load lines. (c) Crossover distortion at cutoff. 


+Vec 


AC load line 


; Vec 
lc{sat) = 2R, 
DC load 
Ic 
Vin RL 
Vcc 
Vee Vea = “9. 
(b) 


Crossover distortion 
(Q, and Q, cutoff) 


conducts and Q, is cut off. Conversely, when V,, is negative, Q, conducts and Q, is 
cut off. Careful examination of the circuit reveals that each transistor acts like an 
emitter follower for one half-cycle of the input voltage. 

The biasing resistors R,—R, are selected to set the Q point right at cutoff. Ideally, 
the quiescent collector current, /,, should be zero. Because both transistors are in 
series, Vizq for each transistor equals approximately one-half of Voc (see Fig. 
32-Sa). Notice also that the voltage drop across R, and R, is approximately 1.2 V, 
which is assumed to be below the value required to turn on each transistor. 

The DC and AC load lines are shown in Fig. 32—5b. Notice that the DC load line 
is perfectly vertical. With no AC input signal, both transistors, Q, and Q,, are cut off, 
and one-half of Voc appears across the collector-emitter region of each transistor. 
When both transistors are saturated, the collector current, Jo, increases to infinity, 
which is why the DC load line is shown to be perfectly vertical. 

Formulas (32-4) and (32-5) still apply to the AC load line of a class B push-pull 
amplifier. Since Ico % 0, however, the endpoints for icgay ANd Vego can be shown as 


. _Y, 

iw = OR (32-7) 
V, 

Veen =~ (32-8) 
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GOOD TO KNOW 


To provide a linear output, many 
class B push-pull audio amplifiers 
are biased to operate as class AB 
amplifiers with a conduction 
angle near 210°. With class AB 
operation, crossover distortion is 


entirely eliminated. 


GOOD TO KNOW 


In actual designs, the 
compensating diodes are mounted 
on the case of the power 
transistors so that as the 
transistors heat up so do the 
diodes. The diodes are usually 
mounted to the power transistors 
with a nonconductive adhesive 
that has good thermal transfer 
characteristics. Since the diode 
curves match the V,, versus lg 
curve of each transistor, the 
circuit is almost immune to 


changes in temperature. 
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Ideally, the maximum peak-to-peak output voltage obtainable in Fig. 32—5a 
equals the value of Voc. If, for example, Vec = 15 V, then the maximum peak-to-peak 
output voltage would be 15 V,.. 

Figure 32—5c shows the problem with biasing the transistors exactly at cutoff. 
When V,, crosses through zero, Q, and Q, are both cut off, resulting in a time when 
the output voltage does not follow the input voltage because both transistors are still 
cut off. The effect is called crossover distortion. Crossover distortion is undesirable 
because it produces a distortion that can be heard in the speaker output. Figure 32—5c 
is somewhat exaggerated because R, and R, bias Q, and Q, only slightly below cut- 
off. Therefore, the crossover distortion would not be as severe as the illustration in 
Fig. 32-5c. 

The class B push-pull amplifier in Fig. 32-5 is extremely sensitive to changes in 
temperature. Small changes in operating temperature can produce extreme changes 
in the collector current, /,, of each transistor. This is highly undesirable. In most 
cases, voltage divider bias is not used with class B push-pull amplifiers because 
thermal runaway can destroy the transistor. 


Typical Class B Push-Pull Amplifier 


Figure 32-6 shows how a typical class B push-pull amplifier would be biased. This 
form of bias is called diode bias. The diodes, D,, and D,, produce the required bias 
for the base-emitter junction of each transistor. For this bias method to work prop- 
erly, the Jp versus V, curve of each diode must match the Vps versus J, curves of each 
transistor. Because the series combination of D, and D, is in parallel with the emitter 
diodes of Q, and Q,, both series combinations have the same voltage drop. Because 
the diode curves match the Vg curves of the transistors, the diode currents and emit- 
ter currents are the same. Therefore, the collector current, Ic, in both transistors can 
be calculated using Formula (32-9): 


Vee - 2. V, 
loz R (32-9) 
In Fig. 32-6, Ico is 
1 = 24V=14V 
ea 2 X 2.7 KQ 
=4.18 mA 


In Fig. 32—6a, the collector-emitter voltage, Vog, of each transistor equals one-half 
of Voc, which is 12 V in this case. Because of this, the DC voltage at the emitter junc- 
tion also equals 12 V. The DC voltage at the base of Q, is 12 V + 0.7 V = 12.7 V, and 
at the base of Q,, the DC voltage is 12 V — 0.7 V = 11.3 V. 

To calculate the quiescent power dissipation in Q, and Q,, proceed as follows: 


Pag = Vero X Ico (32-10) 
=12 Vx 4.18 mA 
= 50.16 mW 


Since Zeg is usually quite small, the value of P,, is also small. This means that a 
class B push-pull amplifier will run very cool when the input signal is zero. For 
diode bias to be insensitive to changes in temperature, the diode curves must match 
the emitter diode curves of the transistors. Diode bias is one of the best ways to bias 
a class B push-pull amplifier. 


Load Current Paths 


When V, is positive, Q, conducts and Q, cuts off (see Fig. 32—6b). Since Q, acts like 
an emitter follower, the AC signal voltage at the base and emitter are the same. 
Notice that the output coupling capacitor, C,,,, is charging during the positive 


out? 
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Figure 32-6 Class B push-pull amplifier using diode bias. (a) Circuit. (b) Load current path when V, is positive. (¢) Load current path 


when V, is negative. 
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Vin = 20 Vpp 


(b) 


+Vec=24V 


+10 V 
+2 V 
#3v  @2 t 


(c) 


alternation of V,,. The charging current flows through R, and the collector-emitter 
region of Q,. 

Figure 32—6c shows the output when V,, is negative; Q, conducts and Q, cuts off. 
Q, then acts like an emitter follower. Notice that Q, provides a discharge path for the 
output coupling capacitor, Cw The discharge path is through R, and the collector- 
emitter region of Q,. Note that the charging and discharging time constant is made 
very long with respect to the period of the input waveform. The repetitive charging 
and discharging of the output coupling capacitor, C w» produces the output signal 


out? 
across the load resistor, R,. 


Power Formulas 


Formula (32-6) is still used to calculate the AC load power. For clarity, this 
equation is 
Vaaa 


PL= BR, 
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To calculate the DC input power, Poc, consider the alternation during which 
current is drawn from the power supply, Vec. This is during the positive alternation 
only, with the current path shown in Fig. 32—6b. Since current is drawn from Vec 
only during the positive alternations of V, the waveform of power supply current is 
the same as that of a half-wave rectified signal. Remember from Chapter 28 that the 
average or DC current of a half-wave rectified signal is 


Inc = 0.318 X Zx 
The DC input power, Pec, for a class B push-pull amplifier is calculated as 
Poc = Vec X Lee 


where Tec = Ipe- Or 
Pao =V, Vaw 0.318 
cc = Vec X R xY. (32-11) 
L 
The percent efficiency is calculated as shown earlier: 


P 
Percent efficiency = = x 100 
P cc 
It is interesting to note that the efficiency of a class B push-pull amplifier varies 
with the amount of AC load power. In fact, the efficiency increases as the AC load 
power increases. The maximum obtainable efficiency for a class B push-pull ampli- 
fier is 78.6%. 
One more point: The worst case power dissipation in the transistors of a class B 
push-pull amplifier can be found using Formula (32—12), shown here: 
Voc 


Pamo = FOR (82-12) 


Example 32-3 


In Fig. 32—6, calculate the following quantities: P,, Poc» Pamas» and percent 
efficiency. 


ANSWER Begin by calculating the AC load power, P,. Since V,, = 20 Vp 
then Vou- = 20 V, 
The calculations are 
P= Vo 
i 8R 
2 20 V2 
8x8 Q 
= 6.25 W 


Next, calculate the DC input power, Poc. Begin by calculating the value 
of Icc: 


v 
Ie = B®? x 0.318 


L 


= 10V x 0.318 
eae 
= 397.5 mA 
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Next, 


Pec = Vec X Lee 
= 24 V x 397.5 mA 
= 9.54 W 


The percent efficiency equals 


P 
Percent efficiency = 5 x 100 


Pec 
— 6.25 W 
~o5aw * 00 
= 65.5% 
The worst case power dissipation in the transistors is 
_ Nec 
k d(max) — 40R,. 
_ 24V 
320 Q 
=1.8W 


To avoid damage to the transistors, Q, and Q, must have power ratings in 
excess of 1.8 W. 


Using a Split Supply 


To obtain a greater amount of output power, a split supply can be used (see Fig. 32-7). 
Notice that the collector of Q, connects to — Voc rather than to ground. As before, Q, 
conducts during the positive alternation of V,, and Q, cuts off. When V, is negative, 
Q, conducts and Q, cuts off. 


Figure 32-7 Class B push-pull amplifier using a split supply (EV... 


+Vec = 30 V 


+25 V +25V 


Ov 


-25 V -25 V 


R =89 


-Vec =30 V 
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The quiescent collector current, ko is calculated as 


A (32-13) 


For Fig. 32-7, leg is calculated as 


g =30VY-—07V 
a 56KQ 


= 5.23 mA 


Because the collectors of Q, and Q, are in series, the collector-emitter voltage, 
Vego» for each transistor equals Vec, or 30 V in this case. Therefore, Vogo, equals Vec 
in a class B push-pull amplifier using a split supply. This makes the DC voltage at 
the emitter terminals of Q, and Q, equal to 0 V (refer to Fig. 32-7). Furthermore, the 
DC voltage at the base of Q, equals +0.7 V, while the DC voltage at the base of Q, 
equals —0.7 V. Because the emitter voltage of each transistor is at 0 V, the output 
coupling capacitor can be omitted. Because the DC voltage at the emitters is zero, 
no DC current will flow through the speaker load. Also, without the output coupling 
capacitor, the low-frequency response of the amplifier is greatly improved. 


Power Calculations 


To calculate P, proceed as follows: 


Pa, = Verg X Teg 
= 30 V x 5.23 mA 
= 156.9 mW 


The AC load power is still given by Formula (32—6). The DC input power, Poc» 
is now 


Vougo 
Poe = Veco X BX 0.636 (32-14) 
L 
The factor 0.636 indicates that current is drawn from both +Voc and —Voe. 


Current is drawn from +V., when V, is positive. Conversely, current is drawn from 
—V.c when V, is negative. 


in 


Example 32-4 


In Fig. 32-7, calculate the following quantities: P,, Pec, and percent efficiency. 


ANSWER Begin by calculating P,: 
Veu) 


PL=-8R, 


Next, calculate Poc: 
Vou 
Poo = Veco X ae x 0.636 
L 


= 25 V 
=30 Vx 80 x 0.636 


a 59.62 W 
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GOOD TO KNOW 


Most class C amplifiers are 
designed so that the peak value 
of input voltage is just sufficient 
to drive the transistor into 


saturation. 
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The percent efficiency is calculated as 


P 
Percent efficiency = P- x 100 
cc 


_ 39.06 W 
=3962 W % 00 
=65.5% 


A split power supply is used with the class B push-pull amplifier when it is 
necessary to obtain large amounts of AC load power, P,. 


E 32-3 Self-Review 


Answers at the end of the chapter. 


a. What type of distortion occurs in a class B push-pull amplifier when 
the transistors are biased right at cutoff? 

b. Is voltage divider or diode bias the preferred way to bias a class B 
push-pull amplifier? 


32-4 Class C Amplifiers 


The collector current, J, of a transistor in a class C amplifier flows for 120° or less 
of the AC input waveform. The result is that the collector current, J., flows in very 
short, narrow pulses. Since the collector current is nonsinusoidal, it contains a large 
number of harmonic components and is said to be rich in harmonic content. Because 
of their high distortion, class C amplifiers cannot be used in audio circuitry where 
full reproduction of the input signal is required. Class C amplifiers, however, can be 
used as tuned rf amplifiers where undesired harmonic frequencies can be filtered 
out, passing only the fundamental frequency to the load, R, . In some cases, however, 
it might be desirable to tune the LC tank circuit to a harmonic (multiple) of the input 
frequency. The tuned LC circuit in a class C amplifier usually has high Q, so that 
only a very narrow band of frequencies is amplified. 

Class C amplifiers are much more efficient than either class A or class B ampli- 
fiers. Typical class C amplifiers have efficiencies in excess of 90%. 


Class C Amplifier Circuit Analysis 


Figure 32—8a shows a tuned class C amplifier. The input coupling capacitor, base 
resistor, and base-emitter junction form a negative clamper. The equivalent input 
circuit is shown in Fig. 32-8. During the initial positive half-cycle of input voltage, 
the input coupling capacitor, C,,, charges through the low resistance of the base- 
emitter junction, which is forward-biased. The capacitor, C, charges to 0.8 V with 
the polarity shown. The DC voltage to which the capacitor charges equals Vapo — Vse 
The negative polarity on the right plate of C, will now reverse-bias the base-emitter 
junction. The capacitor, C,,, clamps or holds the DC base voltage at —0.8 V. Because 
of the clamping action, only the positive peaks of the input signal drive the transis- 
tor, Q,, into conduction. The RC, time constant during discharge is made long with 
respect to the period of the input waveform to provide the proper clamping action. 


As a general rule, 
R,C,, = 10T (32-15) 


in 


where T equals the period of the input waveform. 
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Figure 32-8 Class C rf amplifier. (a) Circuit. (b) C,,, Rj, and the base-emitter diode form a negative clamper. (2) Vy = 2Vecep: 
(d) Graph of Ay versus frequency. 


+Vec 


C 
63.325 pF r, =12.56 Q 


C, 
+ 
R, =100 kQ 
n = 3 Vp-p 
fn = f, = 2 MHz 
(a) 
+.5V c (Base) +0.7 V 
in 
+ - 
ovk LÀ -osv 
0.8 V 
-1.5 V -2.3 V 
Vn =3 Vep Rg Base-emitter diode 
(b) 
+Vec 
c L 
Avimax) 
(c) (d) 
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The R,C,, time constant affects the conduction angle of the transistor. The longer 
the R,C,, time constant with respect to the period, T, the shorter the conduction 
angle of the transistor. 

The collector tank circuit, consisting of L and C, can be tuned to the same fre- 
quency as the input signal or some multiple of the input frequency. Every time the 
transistor is driven into conduction, the capacitor, C, in the tank circuit is recharged 
to the value of Voc. When the transistor is cut off, the flywheel effect of the resonant 
tank circuit reproduces the full sine wave of output voltage. The resonant frequency 
of the tank circuit is given by 


awl E 


Figure 32-8c shows the peak-to-peak output voltage from the tuned class C 
amplifier. Notice that the minimum voltage is zero and the maximum voltage is 
2Vcc. Therefore, the peak-to-peak voltage available at the output equals 2V.. 
because the tank voltage adds to the positive value of V.. during the positive alter- 
nation of the output voltage. 

Figure 32—8d shows a graph of frequency versus voltage gain for the tuned class 
C amplifier. At the resonant frequency, f., the impedance of the tuned LC circuit is 
maximum. Also, the tank impedance, Z,,,,, is purely resistive at f.. When the fre- 
quency of the input voltage is above or below f., the voltage gain, Ay, is less because 
the impedance of tank circuit decreases as the frequency of input voltage moves 
above or below f.. 

When the tank circuit is adjusted to resonance, an ammeter placed in the collec- 
tor circuit will dip to its minimum value. A commonly used method of tuning a class 
C rf amplifier is to adjust either L or C for minimum collector current, Ie, as indi- 
cated by an ammeter. 


Example 32-5 


In Fig. 32—8a, calculate the following: (a) f. of the LC tank circuit and (b) DC 
voltage at the base. 


ANSWER (a) The resonant frequency, f., can be calculated using Formula 
(32-16): 


f a 
"In xX VLC 
= 1 
2x 3.141 x 4/100 4H x 63.325 pF 
= 2 MHz 


At this frequency, the class C amplifier has its maximum voltage gain, Ay. 
(b) The DC voltage at the base equals 


-Voc = Vingo — Ve 
=15V-0.7V 
= 0.8 V 


Therefore, —V,,. = 0.8 V (see Fig. 32-85). 
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Example 32-6 


Assume C, = 0.01 „F in Fig. 32-8a. Calculate the minimum base resistance, 
Rp, necessary to provide the proper clamping action. 


ANSWER Begin by calculating the period of the input waveform. Since 
fa = So 


1 
T=> 
Fin 


ee | 
~ 2 MHz 


=0.5 uS 
Therefore, 


R,C„ = 10T 


= 10 x 0.5 uS 
=SuS 


Solving for Rg, 


— Sus 
B — 0.01 uF 


= 500 Q 


Amplifier Bandwidth 


As mentioned earlier, the voltage gain of a class C rf amplifier is maximum at the 
resonant frequency, f., of the tank circuit. However, frequencies close to f, also pro- 
vide a high voltage gain. Therefore, any class C rf amplifier has an associated band 
of frequencies at which there is a high voltage gain. The bandwidth of an amplifier 
refers to those frequencies in which the voltage gain, Ay, is 70.7% or more of its 
maximum value at resonance. The bandwidth (BW) of the tuned amplifier is affected 
by the Q of the circuit. Recall from basic AC circuit theory that the impedance of the 
tank circuit at resonance is 


Zeank = Qeoit x X, (32-17) 


Remember that any shunt or parallel resistance, R,, lowers the circuit Q. When 
Zonk Z 10 X R,, then Qu = Rp/X,. However, when Zan < 10 X R, then the circuit Q, 


tank — 


Quite is 
Zen || Rp 
=o 32-18 
Qx X, ( ) 
With Q. known, the bandwidth (BW) is calculated as 
Bw = (32-19) 


ckt 
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Example 32-7 


In Fig. 32-8, calculate the bandwidth (BW). 


ANSWER Begin by calculating X, at f:: 


X, =2afL 
= 2x 3.141 x 2.0 MHz x 100 „H 
= 1.256 kQ 


Next, we calculate the Q of the LC tank. The Q of the tank circuit equals the 
Q of the coil. Therefore, 


X, 
Q.0i1 = 7 
_ 1.256 kQ 
~ 12.560 
= 100 
Now calculate the tank impedance, Zang? 
Zaank = Qooit x xX, 
= 100 x 1.256 kQ 
= 125.6 KQ 
Next, calculate Q: 
Zan || R 
Qx = Zanr || Re 
L 
where 
Z |R, = 125.6 KQ x 100 kQ 
tank $ P 125.6 KQ + 100 KQ 
= 55.67 kQ 
Therefore, 
Q= 55.67 kQ 
ct 1.256 kQ 
= 44.32 
Finally, calculate the bandwidth (BW): 
Í 
BW == 
Q 
— 2 MHz 
44.32 
= 45 kHz 
Frequency Multipliers 


Tuned class C amplifiers can also be used as frequency multipliers by tuning the 
LC tank circuit to a harmonic (multiple) of the input frequency. For the class C rf 
amplifier shown in Fig. 32—8a, the capacitor, C, in the tank circuit is charged once 
per input cycle. If the tank circuit is tuned to an f. of 4 MHz, then the capacitor in the 
tank is recharged once every other cycle. If the tank is tuned to an f. of 6 MHz, then 
the capacitor is recharged on every third cycle of input voltage. 
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Figure 32-9 Collector current in a class C rf amplifier used as a frequency multiplier. (a) Collector current, /., flows once per cycle when 
the tank circuit is tuned to the same frequency as f,,. (b) le flows once every other cycle when the tank circuit is tuned to 2f,. (c) le flows once 
every third cycle when the tank circuit is tuned to 3f,. 
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2Vec 


2Voc 


(2 MHz) 


Wee (4 MHz) 


(b) 


(6 MHz) 


ov 


Figure 32-9 shows the collector current pulses and their relationships with 
respect to the output waveform. In Fig. 32—9a, the tank circuit is tuned to the same 
frequency as the input voltage applied to the class C amplifier. Therefore, the collec- 
tor current, Ic, flows only once during the cycle. In Fig. 32—9b, the tank circuit is 
tuned to the second harmonic of the fundamental frequency and the collector cur- 
rent, Ic, flows once every other cycle. Finally, in Fig. 32—9c, the tank circuit is tuned 
to the third harmonic of the fundamental frequency and the collector current, 
Ie, flows once every third cycle. 

Note that in Fig. 32-9 when collector current flows, the transistor is driven into 
saturation. This is why the collector voltage is at 0 V when the collector current 
reaches its peak value. 


E 32-4 Self-Review 


Answers at the end of the chapter. 


a. The collector current in a class C amplifier is rich in harmonics. 
(True/False) 

b. The peak-to-peak output voltage from a tuned class C rf amplifier is 
approximately two times Vcc. (True/False) 
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Summary 


The class of operation of an 
amplifier is defined by the 
percentage of the AC input cycle 
which produces an output current. 


naclass A amplifier, collector 


current flows for the full 360° of the 
AC input cycle. 


naclass B amplifier, collector 
current flows for only 180° of the 


fe) 


AC input cycle. 


naclass C amplifier, collector 
current flows for 120° or less of the 
AC input cycle. 


A class A amplifier has very low 
distortion and very low power 
efficiency. 


A class A amplifier sees two loads, 
an AC load and a DC load. 
Therefore, there are two load lines, 
a DC load line and an AC load line. 


[he AC load line is always steeper 
than the DC load line. 


Important Terms 


AC load line — a graph that shows all 
possible values of /. and Vz when a 


transistor amplifier is driven by an 
AC signal. 


AC load power, P, — the AC power that 
is dissipated by the load, R,. 


Class A amplifier — an amplifier in which 
the collector current, le, flows for the 
full 360° of the AC input cycle. 


Class B amplifier — an amplifier in which 
the collector current, lc, flows for only 
180° of the AC input cycle. 


Class C amplifier — an amplifier in 
which the collector current, le, flows 


Class B push-pull amplifier — a class B 
amplifier that uses two transistors to 
reproduce the full AC cycle of input 
voltage. Each transistor conducts on 
opposite half-cycles of the input 
voltage. 


Power Amplifiers 


for 120° or less of the AC input cycle. 


Frequency multi 


n a class A amplifier, maximum 
transistor power dissipation occurs 
when there is no input signal applied 
to the amplifier. 


A class B amplifier using a single 
transistor has very severe distortion 
and medium power efficiency. 


A class B push-pull amplifier uses 
two transistors to get a linear 
reproduction of the input waveform 
being amplified. A class B push-pull 
amplifier has medium power 
efficiency. 


A common way to bias a class B 
push-pull amplifier is with diode 
bias. With diode bias, the diode 
curves must match the emitter 
diode curves of the transistors to 
obtain a stable bias. 


The transistors in a class B push- 
pull amplifier dissipate very little 
power when no AC signal is present 


Crossover distortion — the distortion 


that occurs in a class B push-pull 
amplifier when the transistors are 
biased right at cutoff. When the input 
voltage crosses through zero, both 
transistors in the push-pull amplifier 
are off and the output voltage 
cannot follow the input voltage. 


DC input power, Pec — the amount of 


DC power delivered to a transistor 
amplifier. 


Diode bias — a form of biasing for 


class B push-pull amplifiers that uses 
diodes to provide a slight amount of 
forward bias for the base-emitter 


junctions of each transistor. 


plier — a tuned class C 
amplifier whose LC tank circuit is 


tuned to a harmonic or multiple of the 


input frequency. 


at the input because the idling 
current in the transistors is 
quite low. 


When large amounts of AC load 
power are required, a split power 
supply is often used with class B 
push-pull amplifiers. 


Class C amplifiers cannot be used 
in audio circuitry because of their 
high distortion. However, class C 

amplifiers can be used as tuned rf 


amplifiers where the undesired 
harmonic frequencies can be 
filtered out. 


A class C amplifier is more efficient 


than either a class Aor class B 


amplifier; its power efficiency 
approaches 100%. 


A tuned class C amplifier can be 
used as a frequency multiplier by 
tuning the LC tank circuit to a 
multiple of the input frequency. 


Linear amplifier — any amplifier that 


produces an output signal that is an 
exact replica of the input signal. 


Percent efficiency — for an amplifier, 


this is the percentage of DC input 
power that is converted to useful 
ac output power. 


Power amplifier — a circuit that is 


designed to deliver large amounts of 
power to a low impedance load. 
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Related Formulas 


Class A Amplifiers 
R= Vaal BR. 
P= V Siep / BR: 
Pec = Vec X lec P, 


Percent Efficiency = P 


cc 


; _ CEQ 
isa = lca + f. 


Verem = Vera + leah 


Class B Push-Pull Amplifiers 


ig = Vec/2R, 
Veet) = Vec/2 


(No Load, R) 


(Endpoints for AC Load Line) 


(Endpoints for AC Load Line) 


(Single Supply) 


out(pk) 


V 
Poc = Veg x A x 0.318 


R (Single Supply) 
L 


P imaw = V2-/40R, 
Vcc 3 Vee 


lko = oo (Split Supply) 


Vout(pk) 


Ri 


P = Vee X x 0.636 


Class C Amplifiers 


ne Sor 
f=1/2eVIC 
Zrank = Qeoi X X. 


Qae = Zeant IRe/ X 


(Split Supply) 


Vec 2 Vse 
a= R 
Pi = Vera X hea 
P. =V? /8R, 


out(p-p) 


Self-Test 


Answers at the back of the book. 


1. Inaclass A amplifier, the collector 
current, le, flows for 


a. 180° of the AC input cycle. 
b. 360° of the AC input cycle. 


c. 120° or less of the AC input cycle. 


d. 90° of the AC input cycle. 


2. Which of the following classes of 
amplifier operation has the highest 
power efficiency? 


a. class A. 
b. class B. 
c. class C. 
d. class AB. 


3. The collector current in a class C 
amplifier 


a. is rich in harmonics. 


b. flows for 120° or less of the AC 
input cycle. 


c. is nonsinusoidal. 


d. all of the above. 


4. The transistors in a class B push-pull 


amplifier are biased slightly above 
cutoff to prevent 


a. crossover distortion. 


b. excessive power dissipation in the 


transistors. 
c. excessive efficiency. 


d. none of the above. 
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BW = £/Que 


5. Inaclass B amplifier, the collector 


current, lę, flows for 

a. 120° of the AC input cycle. 
b. 180° of the AC input cycle. 
c. 360° of the AC input cycle. 
d. 60° of the AC input cycle. 


. When a class B push-pull amplifier 


uses a split power supply, 


a. no output coupling capacitor is 
required. 


b. a greater amount of output power 
can be obtained. 


c. the efficiency decreases. 


d. both a and b. 


. Aclass C amplifier is typically used 


as a(n) 

a. audio amplifier. 

b. linear amplifier. 

c. tuned rf amplifier. 


d. none of the above. 


. Aclass B push-pull amplifier uses a 


single DC power supply voltage of 
15 V. How much voltage should exist 
across the collector-emitter region 
of each transistor? 


a.7.5V. 
b.OV. 
c. 15V. 


d. It cannot be determined. 


9. 


10. 


11 


12. 


A class A amplifier should be biased 
a. at cutoff. 


b. midway between saturation and 
cutoff. 


c. very near saturation. 


d. none of the above. 


A tuned class C amplifier has a power 
supply voltage of 12 V. What is the 
ideal peak-to-peak output voltage? 


a.l2V,.. 
b. 48 V,,,. 
c. 24V, 
d. 6 Vyp 


. Which of the following amplifiers has 


the lowest efficiency under large 
signal conditions? 


a. class B push-pull amplifier. 
b. class C rf amplifier. 
c. RC-coupled class A amplifier. 


d. class B push-pull amplifier with 
split supplies. 


In a class B push-pull amplifier, the 
transistors Q, and Q, conduct 


a. on the same half-cycle of input 
voltage. 


b. on opposite half-cycles of the 
input voltage. 


c. only on the positive and negative 
peaks of the input voltage. 


d. none of the above. 


Chapter 32 


13. In an RC-coupled class A amplifier, 


a. the DC and AC load lines are oo. 
usually the same. amplifier? 


b. the DC load line is steeper than a. diode bias. 


the AC load line. 


c. the Q point should be located near c. zero bias. 


cutoff on the AC load line. 


d. the AC load line is steeper than the 


DC load line. 


Essay Questions 


1. Why can't a class C amplifier be used as an audio amplifier? 


2. Why are the transistors in a class B push-pull amplifier 
biased slightly above cutoff? 


3. Why isn't it practical to use a class A amplifier if 100 W 
of AC load power is required? 


Problems 


SECTION 32-1 CLASSES OF OPERATION 


32-1 For how many degrees of the AC input cycle does 


collector current flow in a 
a. class A amplifier? 
b. class B amplifier? 


c. class C amplifier? 


32-2 How should a class A amplifier be biased? 

32-3 List two characteristics of a class A amplifier. 

32-4 Howisa true class B amplifier biased? 

32-5 How does a class B amplifier with a single transistor 
correspond to a half-wave rectifier? 

32-6 List two characteristics of a class B amplifier using a 


single transistor. 
32-7 What is the main application for class C amplifiers? 
32-8 


List two characteristics of a class C amplifier. 


SECTION 32-2 CLASS A AMPLIFIERS 
32-9 


In Fig. 32-10, calculate the following DC quantities: 
a. lp. 
bi teas 
c. Vee: 
d. V 


CE(off)* 


e. legap: 


32-10 In Fig. 32-10, calculate the following AC quantities: 
ka 
Beri. 
c. Ay. 
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14. Which of the following is the best 
way to bias a class B push-pull 


b. voltage divider bias. 


d. none of the above. 


15. A power amplifier delivers 25 W of 
AC power to a 4-Q speaker load. If 
the DC input power is 40 W, what is 
the efficiency of the amplifier? 


a. 78.6%. 
b. 25%. 

c: 62.5%. 
d. 160%. 


4. How can class C rf amplifiers function as frequency 
multipliers? 


5. | What are the advantages of using a split power supply 
with a class B push-pull amplifier? 


Figure 32-10 


Veo = 24V 


Rg = 330 KQ Ro = 1.5 KQ 


32-11 Using the values obtained in Probs. 32-9 and 32-10, 
draw the DC and AC load lines for the RC-coupled 
amplifier in Fig. 32-10. Indicate the Q point on the 
graph. 

32-12 In Fig. 32-10, solve for the following: 

a. P. 
b. Pec. 
c. % efficiency. 
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32-13 In Fig. 32-11, calculate the following DC quantities: SECTION 32-3 CLASS B PUSH-PULL AMPLIFIERS 
32-19 In Fig. 32-12, which transistor conducts during 


a. Va. 
b. Ve. a. the positive alternation of input voltage? 
Celeo b. the negative alternation of input voltage? 
d. Vero- 
e. Py. Figure 32-12 
f. ‘ 

aie Veo =15V 
g. lesa: 


Figure 32-11 


+Voc = 24V C, 


R =82 


R=1kQ (speaker) 


32-20 In Fig. 32-12, solve for the following DC quantities: 


a. leo. 
b Vea: 
c. Vea,- 
d. Vea, and Vea,- 
e. Veo, and Veraz: 
Pi 
a. re 32-21 Draw the AC load line for Fig. 32—12 and indicate the 
b.nr. values of ia and Veem 
c. Ay. 
i 32-22 In Fig. 32-12, solve for P., Pec Panay, and % efficiency 
d. Vur y L 
out if V, =12 V, 
e. Voon 
fi 32-23 In Fig. 32-12, is C charging or discharging during the 


c(eat)* 
a. positive alternation of input voltage? 


32-15 Using the values obtained in Probs. 32-13 and 32-14, 


‘| ti It ti fi tvolt ? 
draw the DC and AC load lines for the RC-coupled ean ene ree we eter 


aided in Fig. 32-11. Indicate the Q point on the 32-24 In Fig. 32-13, solve for the following DC quantities: 
graph. soles 
32-16 In Fig. 32-11, solve for the following: b. Vsa,- 
a. P- c. Voa 
b. Pec. d. to; and Vea 
c. % efficiency. e. Veza, and Vora,- 
fa Pag. 
32-17 If the input voltage, V, is reduced to 25 mV, in "a 
Fig. 32—10, then recalculate the following values: 32-25 If R, = 10 Qin Fig. 32-13, what are the values of icta 
ae Voe and Vege On the AC load line? 
AA 
g 32-26 In Fig. 32-13, solve for P., Pec, and % efficiency for 
c. Pec each of the following values of R, (V, = 15 V, p): 
d. % efficiency. a. R = 16Q. 
32-18 Compare the % efficiency calculated in Probs. 32-12 b. R= 8 Q. 
and 32-17. Are they different? If so, why? c. R =4Q. 
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Figure 32-13 


4+V eco = 18 V 


32-27 In Fig. 32-13, what is the worst case power dissipation, 
in each transistor if R, = 4 Q? 


max)? 


32-28 In Fig. 32-13, how much is the DC voltage across 
a. the output coupling capacitor, Cou? 
b. the load, R? 


32-29 In Fig. 32-14, solve for the following DC quantities: 


a.l 


ca: 
b. Vsa,- 

C. Vsa: 

d. Veg, and Veo,- 

e. Vceq, and Vaa 

f. Pyg in each transistor. 


Figure 32-14 


(speaker) 


-Voc = 25V 
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32-30 In Fig. 32-14, solve for the following quantities: 
a. P. 
b. Pec. 


c. % efficiency. 


32-31 In Fig. 32-14, how much DC voltage is across the 4-Q 
oad, R? 


SECTION 32-4 CLASS C AMPLIFIERS 


32-32 In Fig. 32-15, what is the resonant frequency, f., of the 
LC tank circuit? 


Figure 32-15 


4+V oc = 12 V 


L=50pH 


C = 20.26 pF r= 3142 


Ci, = 0.01 pF 


R, =25kQ 


32-33 In Fig. 32-15, how much is the 
a. DC voltage at the base of Q}? 
b. DC voltage at the collector of Q,? 


c. peak-to-peak voltage at the collector of Q,? 


32-34 In Fig. 32-15, calculate 
a. Z, 


tank* 


b. Qoe- 
c. BW. 


32-35 In Fig. 32-15, at what point in the AC cycle does the 
input voltage cause Q, to conduct? 


32-36 At the instant V,, reaches its positive peak in Fig. 32-15, 
what is the voltage at the collector of Q;? 


32-37 |f the frequency of the input voltage is changed to 


2.5 MHz in Fig. 32-15, what is the frequency of the 
output waveform? 
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Answers to Self-Reviews 32-1 a. true 
b. true 

c. false 

32-2 a. false 

b. true 


Laboratory Application Assignment 


In this lab application assignment, you will examine a tuned 
class C amplifier. As you will see, the tuned class C amplifier 
uses a parallel resonant circuit in the collector, which results in 
maximum output voltage at only one frequency. The frequency 
at which maximum output occurs is the resonant frequency, f., 
of the LC tank circuit. You will also see how the tuned class C 


tiplier. 


amplifier can be used as a frequency mul 


Equipment: Obtain the following items from your instructor. 


e 2N2222A npn transistor or equivalent 

e Two 100-kQ carbon-film resistors 

* 0.001-pF, 0.01-uF, and 0.1-wF capacitors 
* 10-mH inductor 

+ Function generator 

* Oscilloscope 

- DMM 

+ Variable dc power supply 


Tuned Class C Amplifier: Calculations and 
Predictions 

Examine the tuned class C amplifier in Fig. 32-16. Calculate 
and record the resonant frequency, f,, of the LC tank circuit. 
PS 

With an input voltage, Vn of 2 V,_,, calculate and record the DC 
base voltage, Vg. Voo = 

What DC voltage do you expect to measure at the collector? 


Vewe = 


Figure 32-16 


4+V oo = 12 V 


C= 0.001 pF L=10 mH 


C, = 0.01 pF 


2N2222A 


R, =100 kQ 
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32-3 a. crossover distortion 
b. diode bias 

32-4 a. true 
b. true 


Next, predict the peak-to-peak output voltage across the load 
R, if the frequency of V, equals f. Voue) = 


Tuned Class C Amplifier: Measurements 


Construct the circuit in Fig. 32-16. Set V, to exactly 2V p35 
shown. Next, set the frequency of the function generator to the 
resonant frequency, f,, calculated earlier. With channel 2 of the 
oscilloscope connected across the load, R,, move the frequency 
dial back and forth until the output voltage is at its maximum 
peak-to-peak value. Measure and record the frequency where 
Vute is Maximum. This frequency is the resonant frequency, f,, 
of the tank circuit. f, = 

Measure and record the maximum peak-to-peak output voltage. 
Vea DO On 

Next, measure and record the DC voltage at the base and 
collector. Vapo = Vooo = 
Connect channel 1 of the oscilloscope across 
across the load, R,. Measure and record the phase relationship 
between V, and V,,, atf.0= 
Connect channel 1 of the oscilloscope directly to the base of the 
transistor. Set the channel 1 volts/div. setting to 0.5 volt/div., 
and move the input coupling switch to DC. Draw the measured 


V,, and channel 2 


waveform, including all values, on the scope graticule in 
Fig. 32-17. 


Figure 32-17 


Amplifier Bandwidth 


Reduce the input voltage, V,,, to 1.6 V,_,. While monitoring the 
peak-to-peak output voltage across R,, decrease the frequency 
of V, below f, until the output voltage decreases to 0.707 of its 


V, 


in? 


maximum value. Record this frequency as f,. 


H= 
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ow increase the frequency of V,, above f, until V, decreases output waveform twice that of the input frequency? 


to 0.707 of its maximum value. Record this frequency as f. If yes, explain how this is possible. 
h= 
Calculate the amplifier bandwidth, BW, as fh — f,- 
BW = 

Is the peak-to-peak value of the output waveform the same for 
Frequency Multiplier each individual cycle? If not, explain the possible 
Decrease the frequency of the function generator to cause for this. 


approximately one-half of f.. (Keep V,, at 1.6 V,p) Move the 
function generator frequency dial back and forth to produce the 
maximum peak-to-peak output voltage. Is the frequency of the 


Design credit Multisim: ©Stockbyte/Getty Images 


Power Amplifiers 1079 


chapter 


Thyristors 


nlike bipolar transistors and Field Effect Transistors (FETs), thyristors cannot be 
U used for amplification. Thyristors are semiconductor devices that are specifically 
designed for use in high-power switching applications. Thyristors can operate only in 
the switching mode, where they act like either an open or closed switch. Thyristors are 
used extensively in high-power switching applications, where the control of several 
hundred amperes of current is not uncommon. High-power thyristors are commonly 
used in the following applications: lighting systems, heaters, welders, battery 
chargers, DC and AC motor speed controls, voltage regulators, and more. E 


| Chapter Outline 


33-1 Diacs 33-3 Triacs 
33-2 SCRs and Their Characteristics 33-4 Unijunction Transistors 


PH hapter objectives 


After studying this chapter, you should be able to 


Œ Describe what a thyristor is and list its main m List and explain important SCR ratings. 


applications. m Explain how an RC phase-shifting network 


m Explainthe basic operating mode of a thyristor. cain eontrol the load currant ia aa SER 
™ Describe the construction and operation of a circuit. 

diac. Æ Explain the differences and similarities 
m Describe the construction and operation of between an SCR and a triac. 

an SCR. m Explain the different operating modes of a 
m Explain what is meant by the forward triac. 

breakover voltage of a diac, SCR, or triac. m Explain the construction, operation, and 
Œ Define the term holding current, |,,, as it applications of a UJT. 


relates to thyristors. 


bidirectional diode thyristor interbase resistance, Rgg silicon controlled rectifier 
diac intrinsic standoff ratio, n (SCR) 

forward blocking current peak reverse voltage rating, thyristor 

forward breakover voltage, Vage Veom triac 

holding current, ly saturation region unijunction transistor (UJT) 
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Figure 33-1 Diac. (a) Construction. 
(b) Schematic symbol. 


A2 
Ay 
(a) (b) 


GOOD TO KNOW 


Diac stands for “Diode for 


Alternating current.” 


GOOD TO KNOW 


In Fig. 33-2, notice that the 
voltage drop across the diac 
decreases after it begins 
conducting. Also, notice that the 
current is increasing during this 
time. This region is called the 
negative resistance region 
because the voltage drop across 
the diac decreases as the diac 


current increases. 
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33-1 Diacs 


A diac is a three-layer, two-junction semiconductor device that has only two leads. 
The diac leads are called anode (A) terminals and are labeled A, and A,. In some 
cases, however, the leads may be labeled MT, and MT,, where the letters “MT” 
stand for main terminal. A diac is also referred to as a bidirectional diode thyristor 
because it conducts current in either direction. Figure 33—1a shows the basic con- 
struction of a diac, and Fig. 33—1b shows the schematic symbol. 


Current-Voltage Characteristics of a Diac 


Figure 33-2 shows the current-voltage (I-V) characteristics of a diac. Notice that the 
diac does not conduct for either polarity of voltage until the breakover voltage, 
+V 9, is reached. Notice also that the breakover voltage is the same for either polar- 
ity of voltage across its leads. In other words, the breakover voltage is symmetrical. 
When the breakover voltage is reached, the diac conducts and its voltage decreases 
to a lower value. The diac continues to conduct until its current drops below a speci- 
fied value called the holding current, usually designated /,,, The holding current, 
Iņ, is defined as the minimum amount of current required to hold the diac in its “on” 
or conducting state. Diacs are primarily used in power control circuits. The diac 
helps provide a sharp trigger current pulse that can be used to turn on another 
thyristor device known as a triac. It is important to note that a diac cannot be tested 
with a VOM or DMM because the output voltage from either type of meter is less 
than the diac’s breakover voltage. 


E 33-7 Self-Review 


Answers at the end of the chapter. 


a. How many p-n junctions does a diac have? 
b. Does a diac conduct for either polarity of voltage across its terminals? 


33-2 SCRs and Their Characteristics 


A silicon-controlled rectifier (SCR) is a four-layer pnpn device. Figure 33-3a 
shows the basic construction of an SCR, and Fig. 33—3b shows the schematic sym- 
bol. Notice that the SCR has three external leads: the anode (A), cathode (K), and 
gate (G). Like an ordinary rectifier diode, SCRs are unidirectional devices. An 
SCR differs from an ordinary rectifier diode, however, in that the SCR will remain 


Figure 33-2 Current-voltage characteristics of a diac. 
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GOOD TO KNOW 


Low-current SCRs resemble an 
ordinary bipolar transistor with 
three leads protruding from the 
body. High-current SCRs may be 
stud-mounted for proper heat 


sinking. 


Figure 33-3 — Silicon-controlled rectifier. (a) Construction. (b) Schematic symbol. 
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in a nonconducting state, although forward-biased, until the forward breakover 
voltage, Vgrr, 1s reached. Once the breakover voltage is reached, the SCR conducts 
and its voltage drop decreases sharply. Perhaps the most important feature of an 
SCR is that the forward breakover voltage, V,p-, can be controlled by changing the 
level of the gate current, Ig. 

SCRs come in many shapes and sizes. Some SCRs can safely handle anode currents 
of less than 1 A, and others can handle anode currents of several hundred amperes. 

Figure 33—4a shows the current-voltage characteristics of an SCR with the gate 
open. Notice that when the anode-cathode circuit is reverse-biased, only a very 
small reverse current flows, called the reverse blocking current. When the anode- 
cathode voltage reaches the peak reverse voltage rating, designated V,,,, on the 
graph, the reverse current increases sharply. 

To forward-bias the SCR, the anode is made positive relative to the cathode. As 
shown in the graph in Fig. 33-4a, the forward current, Ip, remains very small until 
Vpp is reached. The small current that flows before breakover is reached is called 
the forward blocking current. When the breakover voltage is reached, the forward 
current (sometimes called the anode current) increases sharply and the voltage drop 
across the SCR falls to a much lower value. The SCR remains on as long as the 
anode current stays above the holding current, Zy. 


Figure 33-4 Current-voltage characteristics of an SCR. (a) Gate open. (b) Forward breakover voltage, Vap-, decreases as the gate current, 


ls, increases. 
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An SCR has only two distinct states of operation: on or oFF. When the forward 
voltage is below the value of Vgrr the SCR acts like an open switch. When the for- 
ward voltage exceeds the breakover voltage, V,p-, the SCR conducts and acts like a 
closed switch. As a reminder, note that the SCR remains in the on state as long as 
the anode current is greater than the holding current, Z4. The voltage drop across a 
conducting SCR is typically around 1 V. It is important to note that resistance in the 
external circuit limits current flow when the SCR is conducting. 


Gate Current Controls Forward Breakover Voltage 


Figure 33-4b shows how the level of the gate current, /,, can control the forward 
breakover voltage, V,,.. The maximum forward breakover voltage, Vyp;, Occurs 
when the gate current, /,, equals zero. When the gate-cathode junction is forward- 
biased, the SCR will fire at a lower anode-cathode voltage. Notice in Fig. 33-4b that 
as the gate current, I, is increased, the value of V,,,,. is decreased. As the value of gate 
current, Io, is increased, the SCR functions much like an ordinary rectifier diode. 

An important characteristic of an SCR is that once it is turned on by gate current, 
the gate loses all control. The only way to turn off the SCR is to reduce the anode 
current below the level of holding current, J4. Not even a negative gate voltage will 
turn the SCR off in this case. In most cases, the anode supply voltage is an alternating 
voltage. This means that the SCR will automatically turn off when the anode voltage 
drops to zero or goes negative. Of course, when the anode voltage is negative, the 
SCR is reverse-biased. The process of turning off an SCR is called commutation. 

To see how an SCR can be tested with an analog VOM, see the “Lab Application 
Assignment” at the end of this chapter. 


Important SCR Ratings 


To ensure proper performance and long operating life, the manufacturer’s maximum 
ratings for an SCR should never be exceeded. Exceeding any of the SCR’s maxi- 
mum ratings could permanently damage the device. The following is a list of some 
important SCR ratings: 


I, (av) The maximum continuous average forward current. This is usually 
specified for a half-cycle of a sine wave at a particular frequency. This 
rating is sometimes referred to as the maximum DC current rating. 

I; (cms) The maximum continuous rms current that the SCR can safely conduct. 

Ty The minimum anode current required to hold the SCR in its conducting 
or ON state. With the gate lead open, this current is specified as Zo- 
With the gate returned to the cathode through a resistance, this current 
is specified as yx- 

Vaom The maximum reverse-bias voltage that can be applied between the 
anode and cathode with the gate open. 

Virt Peak repetitive forward blocking voltage that may be applied with the 
gate open and the anode positive relative to the cathode. 

Ter The value of gate current required to switch the SCR from its OFF state 
to its ON state. 

dv/dt The maximum rate of increase in anode-cathode voltage that the SCR 
can handle safely without false triggering. 


SCR Applications 


SCRs are frequently used to control the amount of DC power that is delivered to a 
load. Figure 33—5a shows a circuit where an SCR is used to control the amount of 
load current supplied to a lamp. The input voltage is applied across terminals A and 
B. In this example, the input voltage is the 120-V,. power line. R, is a 
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Figure 33-5 SCR used to control the 
current in the lamp. (a) Circuit. (b) R, set so 
that the SCR fires when the input voltage 
reaches its peak value at 90°. (c) R, set so 
that the SCR fires earlier at 45° in the input 
cycle. (d) R, set at its maximum value. SCR 
conducts near 0° and the lamp is at full 
brilliance. 
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current-limiting resistance and R, is used to adjust the firing point of the SCR. D, is 
a protection diode that prevents any negative voltage from reaching the gate of the 
SCR. D, is necessary because most SCRs have a relatively low gate-cathode break- 
down voltage rating. Moving the wiper arm of R, upward increases the amount of 
positive voltage applied to the gate of the SCR. This increases the conduction angle, 
which causes the bulb to glow more brightly. Conversely, moving the wiper arm of 
R, downward toward ground reduces the amount of positive voltage applied to the 
gate of the SCR. This, in turn, causes the conduction angle to decrease and the bulb 
glows more dimly. 

Figure 33-5), c, and d show the load and SCR voltage waveforms for different 
settings of R,. In Fig. 33-5b, R, is set so that the SCR will turn on at the peak (90°) 
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of the positive half-cycle of input voltage, and so the SCR will conduct for only 90° 
of each cycle. If R, were reduced below this setting, the SCR would not fire at any 
time during the input voltage cycle, and no power would be delivered to the lamp, 
which would then be dark. 

In Fig. 33—5c, the setting of R, is increased so that the SCR fires at 45° on the 
positive half-cycle, causing the load current to increase and the bulb to glow more 
brightly. For this setting, the SCR conducts for 135° of the AC cycle. 

Finally, in Fig. 33—-Sd, R, is set at its maximum value, causing the SCR to fire at 
a voltage just above zero on the positive half-cycle. For this setting of R,, the SCR 
conducts for 180°, the load current is maximum, and the bulb has maximum bril- 
liance. With the circuit in Fig. 33-5, the conduction angle of the SCR can only be 
controlled over the range of 90° to 180°. 

Notice that the negative alternation appears across the SCR in all waveforms in 
Fig. 33-5. This occurs because the SCR acts like an open during this time. Also, 
when the positive alternation drops to a very low value, the anode current drops 
below the level of holding current, J,,, and the SCR stops conducting. It does not 
conduct again until the anode-cathode voltage reaches the required value during the 
positive alternation. 

Figure 33—6a shows how the conduction angle of an SCR can be controlled over 
the range of 0° to 180° by using an RC phase-shifting network. Recall from basic 
AC circuit theory that the capacitor and resistor voltage in a series RC circuit are 
always 90° out of phase. In Fig. 33—6a, the voltage across the capacitor is applied to 


Figure 33-6 RC phase-shifting network used to improve the control of load current. (a) Circuit. (b) R near maximum value. (¢) Rin middle 
of its range. (d) R adjusted to 0 Q. 
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GOOD TO KNOW 


Triac stands for “Triode 


alternating current switch.” 


the anode side of the diode, D,. The cathode lead of the diode connects to the gate 
of the SCR. Again, the purpose of using the diode is to ensure that the negative 
alternation of the input voltage cannot apply excessive reverse-bias voltage to the 
SCR’s gate-cathode junction. 

When R is increased to nearly its maximum value, the phase angle, 0, between V,,, 
and the capacitor voltage, Vo, is approximately 90°. This means it will take longer 
for the voltage across C to reach the voltage required to fire the SCR. Since the RC 
network provides a “delay,” the SCR can be triggered in the 90° to 180° portion of 
the input cycle, resulting in smoother control of the load current. 

When R is decreased, the SCR fires with less delay, allowing the SCR to fire in 
the 0° to 90° portion of the input cycle. Because there is control over 180° of the 
input waveform, the brilliance of the bulb can be varied over a wider range com- 
pared to the circuit, as shown in Fig. 33—5a. In Fig. 33-6), c, and d, the load and 
SCR voltage waveforms are shown for three different settings of resistance, R. 


E 33-2 Self-Review 


Answers at the end of the chapter. 


a. What happens to the forward breakover voltage of an SCR as the 
gate current increases? 
b. Once an SCR is conducting, can a negative gate voltage turn it off? 


33-3 Triacs 


SCRs have a distinct drawback in that they can conduct current in only one direc- 
tion. This is a big disadvantage if it is desired to control the power in an AC circuit. 
A device that can control AC power, because it can conduct in either direction, is 
called a triac. The schematic symbol for a triac is shown in Fig. 33—7a. Notice that 
there are two anode terminals, A, and A,, and a gate lead. The triac is the equivalent 
of two SCRs connected in parallel, as shown in Fig. 33—7b. Notice in Fig. 33—7b 
that both gate leads are tied together. The /-V characteristics of a triac are shown in 
Fig. 33-7c. It operates identically to an SCR except that conduction also occurs in 
the negative voltage region. The curve shown in Fig. 33—7c indicates the forward 
breakover voltages +V,p, and —V,,2, with the gate open. Lower values of breakover 
voltage occur as the gate current, J,, is increased. As with the SCR, the holding 


Figure 33-7 Triac. (a) Schematic symbol. (b) Equivalent circuit with two SCRs connected in parallel. (c) Current-voltage 


characteristics of a triac with gate open. 
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GOOD TO KNOW 


The anode terminals of a triac are 
sometimes referred to as MT, 
and MT,, where the letters MT 


stand for main terminal. 


Figure 33-8 Operating modes for a 


triac. 
Ay Gate | Mode 
+ + 1 
+ = 2 
- + 3 
- 2 4 


GOOD TO KNOW 


Some triacs have built-in diacs 
which reduces the number of 
components and connections in 


some cases. 
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current, Jy, is the minimum anode current required to keep the triac operating in the 
ON state. The voltage drop across a conducting triac is typically around 1 V. Also, 
resistance in the external circuit limits current flow when the triac is conducting. 


Gate Triggering Characteristics 


A triac can be triggered with the gate either positive or negative relative to the anode 
1 terminal. This is true regardless of the polarity of the voltage at the anode 2 termi- 
nal. (Incidentally, all voltage polarities in a triac are relative to the anode | terminal.) 
Figure 33-8 shows the four operating modes for a triac. Notice that when the anode 
2 (A,) terminal is positive, the triac can be turned on with either a positive or nega- 
tive gate voltage. Likewise, when the anode 2 (A,) terminal is negative, the triac can 
be turned on with either a positive or negative gate voltage. 

The triac can be triggered in each mode, but some modes require more or less gate 
current, Jo, than others. Mode 1 is the most sensitive of all modes; it requires the least 
amount of gate current to fire the triac. Mode 4 is the next most sensitive mode, but 
it is not as sensitive as mode |. The other modes require higher gate current. 
The sensitivity of each mode is affected by temperature. As the temperature 
increases, less gate current is required to fire the triac. 


AC Control Using Triacs 


As shown in Fig. 33—7c, a triac can operate with either positive or negative voltage 
across its terminals. Because of this, a triac can control the amount of current supplied 
to a load for both the positive and negative alternations of the input cycle. Since a triac 
requires different gate currents for each mode of operation, it is asymmetrical. Thus, a 
triac may not trigger at the same point for each alternation of the input cycle, and so a 
diac is often used in conjunction with a triac to ensure that the triggering time is the 
same for both the positive and negative alternation of the applied voltage. 

Figure 33-9 shows a very effective way to provide a wide range of control over 
load current. R,-C, and R,-C, provide the required phase shift necessary for full 
control of the load current. 

By adjusting R, in Fig. 33-9, the conduction angle can be varied from nearly 
0° to approximately 360°. With R, adjusted at or near its maximum, the triac does 
not fire at any point during the AC cycle, resulting in zero AC power delivered to 
the load, R,. As R, is decreased, the triac fires at the end (near 180° and 360°) of 


Figure 33-9 Triac power control circuit. 
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Figure 33-10 = Unijunction 


transistor 


(UJT). (a) Construction. (b) Schematic 


symbol. 
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Figure 33-11 Equivalent circuit of a 
UJT. Rog = Ra, + R „when [, =0. 


Thyristors 


both the positive and negative alternations. As a result, the conduction angle is 
very small, resulting in only a small amount of AC power delivered to the load, R,. 
As R, is decreased further in value, the triac fires earlier during both alternations. 
This increases the conduction angle, which means that more AC power will be 
delivered to the load, R,. 

Note that the current in the triac reverses for each half-cycle of applied voltage. 
Also, note that the diac is responsible for providing symmetrical triggering during 
both the positive and negative alternations. It provides symmetrical triggering of the 
triac because the diac has the same breakover voltage, V,,, for either polarity of 
applied voltage. Therefore, the triac will fire at the same point during both positive 
and negative alternations. 

The load, R, , could be a motor, lamp, heater, or any other device that operates on 
AC power. 


E 33-3 Self-Review 


Answers at the end of the chapter. 


a. What is the equivalent circuit of a triac? 
b. Is the sensitivity of a triac the same in all modes? 


33-4 Unijunction Transistors 


The uwnijunction transistor (UJT) is a three-terminal semiconductor device that has 
only one p-n junction. Its construction is shown in Fig. 33—10a. A bar of n-type sili- 
con (Si) is placed on two separate pieces of ceramic. Each piece of ceramic is bonded 
by a gold film to each end of the n-type Si bar, which forms a very low resistance 
contact. Each end of the Si bar is called a base. The top base is referred to as base 2 
(B,) and the bottom base is called base 1 (B,). The n-type Si bar is lightly doped and 
has a resistance value between 5 and 10 kQ. A p-n junction is formed by placing a 
p-type region in the n-type Si bar. The p material is called the emitter and is placed 
closer to base 2 than to base 1. Figure 33—10b shows the schematic symbol of a UJT. 
Notice the emitter (E) and the two bases, B,, and B,. The equivalent circuit of a UJT 
is shown in Fig. 33—11. The interbase resistance, R,,,, is the resistance of the n-type 
silicon bar. Rgs appears as two resistances, designated R, and R,,. The value of Rpg 
is dependent upon the doping level and the physical dimensions of the Si bar. 

If there is zero current in the emitter circuit, R,, appears as a resistive voltage 
divider for the base supply voltage, V,,,. 

With zero emitter current in Fig. 33-11, the voltage across R,, is 


Rg, 


Ve, =R Rye Ve (33-1) 


where V,,, is the voltage applied across the interbase resistance, Rpp- 


R 
The ratio ao r“ called the intrinsic standoff ratio and is usually designated 
By By 


as y (eta). Typical values of 7 range from 0.47 to about 0.85. 

The emitter diode does not conduct unless the emitter voltage, V,., exceeds 
Van + Vp, Where Vp equals the emitter diode voltage drop. When V; is greater than 
Ven + Vp, the emitter diode is forward-biased and emitter current, Zp, flows, which 
in turn decreases Rg, Rg, decreases as J, increases. This is a negative resistance 
effect and is illustrated in the emitter characteristic curve, as shown in Fig. 33-12. 
Notice that once V, is reached, the emitter voltage, V,, decreases as 7, increases. 
This occurs until the saturation point is reached. The region to the right of Vy is 
called the saturation region. Beyond this point, V,, increases with increases in the 
emitter current, J. Beyond the valley points labeled J, and Vy (in the saturation 
region), the UJT’s resistance is positive. 
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Figure 33-12 Emitter characteristic curve of a UJT.. 
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UJT Relaxation Oscillator 


Figure 33—13 shows how a UJT can be used as a relaxation oscillator. (An oscillator 
is a circuit that produces its own output waveform without an AC input signal.) 
Notice the voltage waveform, V, . Since V}, is a sharp pulse of short duration, it is 
the ideal gate triggering source for either an SCR or triac. The circuit operates as 
follows: When power (V,,) is applied, C, charges exponentially through R,. When 
the voltage across C, reaches the peak point voltage, V, (equal to 7V,,, + 0.7 V), the 
emitter diode conducts, and then C, discharges rapidly through the base resistance, 
R,, and the lowered resistance, Rg. The time required for the capacitor to reach V, is 
given by Formula (33-2): 


T=R,C,In tea (33-2) 


where T is the period of the emitter voltage waveform shown in Fig. 33—13. Increas- 
ing the value of either R, or C, increases the time required for the voltage across Cy 
to reach Vp. 

As shown in Fig. 33-13, when the voltage across C has dropped to the value Vy, 
the UJT turns off and the cycle repeats itself. 


Figure 33-13 UJT relaxation oscillator. 
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GOOD TO KNOW 


In Fig. 33-14, a bridge rectifier 
must be used to rectify the 
120-V,- power-line voltage 
because a two-diode full-wave 
rectifier would require a center- 
tap connection froma 


transformer. 


Thyristors 


The base 1 voltage waveform, Vp, is the most important because it is used to 
trigger the SCR or triac. The frequency of the base | voltage waveform is the same 
as that of the emitter voltage waveform. The frequency, f, equals 1/T, where T is 
given by Formula (33-2). 


Example 33-1 


In Fig. 33-13, C, = 0.1 wF and R, = 220 KQ. Calculate the frequency of the 
emitter voltage waveform. Assume 77 = 0.6. 


ANSWER Using Formula (33-2), the period T is calculated as 


T= R,Cyln (74) 


= 220 KQ x 0.1 uF x (7 +z) 


= 20.16 ms 


fis calculated as 4: 


= 20.16 ms 
= 49.6 Hz 


UJT Phase Control Circuit 


When it is necessary to control very large amounts of power, SCRs rather than triacs 
are used. SCRs can be designed to handle much higher load currents than triacs. 

Figure 33—14 shows how the firing of an SCR can be controlled by a UJT. The 
circuit operates as follows: The 120 V,.. power-line voltage is applied to the bridge 
rectifier, consisting of diodes D, to D,. The full-wave output from the bridge recti- 
fier is then applied to the rest of the circuit. The full-wave output from the bridge 
rectifier allows twice the load current available with a sinusoidal input. The pulsat- 
ing DC also allows the SCR to turn off because when the pulsating DC voltage 
returns to zero, the anode current drops below the level of the holding current, Zy. 
The zener diode, D., clips off the rectified signal and provides a relatively stable 
voltage for the UJT relaxation oscillator circuit. The variable resistance, R,, controls 
the frequency of the UJT relaxation oscillator, which in turn controls the conduction 
angle of the SCR. R, is adjusted to control the firing point of the SCR at different 
points on the pulsating input voltage waveform. Increasing R, reduces the load cur- 
rent, J,, because the SCR is fired later in the input voltage cycle. Decreasing Ry 
increases the load current, 7, , because the SCR is fired earlier during the input cycle. 

In Fig. 33-14, the voltage source for the UJT is a series of flat-topped pulses with 
the same frequency as the full-wave output from the bridge rectifier. This allows the 
UJT oscillator to be synchronized with the full-wave output from the bridge recti- 
fier. However, the values of R, and C, still affect the frequency of the UJT relaxation 
oscillator. Synchronization with the full-wave output from the bridge rectifier is 
achieved when the full-wave output drops to zero every 8.33 ms and the charge 
cycle starts over for the timing capacitor, Cy. 
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Figure 33-14 UJT phase control circuit. 


E 33-4 Self-Review 


Answers at the end of the chapter. 


a. Ina UJT, what is meant by the intrinsic standoff ratio? 
b. In the negative resistance region, does V, increase or decrease as |, 
increases? 
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Summary 


Thyristors are semiconductor 
devices that can operate only in the 
switching mode. 


Thyristors are typically used in 
high-power switching applications 
to control very large amounts of 
current. 


A diac is a two-terminal device that 
consists of three semiconductor 
layers and two p-n junctions. Diacs 
are often used in conjunction with 
triacs to provide symmetrical 
triggering. 

The SCR is a four-layer pnpn device 
with three leads, the anode, gate, 
and cathode. 


Unlike an ordinary rectifier diode, 
an SCR will not conduct until the 
forward breakover voltage is 


Important Terms 


Bidirectional diode thyristor — another 
name for a diac. 


Diac — a bidirectional semiconductor 
device that conducts when the 
voltage across its terminals reaches 
the breakover voltage, +V,,. Once 
conducting, the voltage across the 
diac drops to a very low value. 


Forward blocking current — the small 
current that flows in an SCR before 
breakover is reached. 


Forward breakover voltage, Vag- — the 
forward voltage across an SCR at 
which the SCR begins to conduct. The 
value of Vap- is controlled by the 
amount of gate current, lo. 


Holding current, l — the minimum 
amount of current required to hold a 
thyristor (diac, SCR, or triac) in its 
conducting state. 


Related Formulas 


"= Re + Ra, 
Re, 
Vas, = Ra, +e, x Vss 


Thyristors 


reached, even though its anode 
cathode is forward-biased. 


The gate current in an SCR controls 
the forward breakover voltage. The 
higher the gate current, the lower 
the forward breakover voltage. 


Once an SCR turns on, the gate 
oses all control. 


The only way to turn off an SCR is 
to reduce the anode current below 
the holding current, /,,, which is the 
minimum anode current required to 
eep the SCR conducting. 


A triac is a bidirectional thyristor 
used to control the power in AC 
circuits. 


A triac has two leads designated 
MT, and MT, or A, and A). 


Interbase resistance, Rgg — the 
resistance of the n-type silicon bar in 
a UJT. R,, appears as two resistances, 
Rg, and Rg: Ras = Re, + Rg,- 

Intrinsic standoff ratio, 7 — the ratio of 

Bi 
Rg, to Rept y= Ra Ra” 
T 2 

Peak reverse voltage rating, Voy — the 
maximum reverse-bias voltage that 
can be safely applied between the 
anode and cathode terminals of an 
SCR with the gate open. 


Saturation — the region to the right of 
the valley point on the characteristic 
curve of a UJT. 

Silicon controlled rectifier (SCR) — a 
unidirectional semiconductor device, 
like a diode, that remains ina 
nonconducting state, although 
forward-biased, until the forward 


1 
TS R Cln Ge 


Like an SCR, a triac has a gate lead 
which is used to control its 
conduction. 


A triac is equivalent to two SCRs in 
parallel. 


The UJT has two base leads, B, and 
B,, and an emitter (E) lead. 


The interbase resistance, Rgs, of a 
UJT is the resistance of its n-type 
silicon bar. Reg appears as two 
resistances designated Rg, and Ry... 


Re 

ae a 

R, + Ry is called the 
1 2 


intrinsic standoff ratio, designated y. 


The ratio 


UJTs are used in conjunction with 
SCRs and triacs to control their 
conduction angle. 


breakover voltage is reached. Once 
conducting, the voltage across the 
SCR drops to a very low value. 


Thyristor — a semiconductor device 
with alternating layers of p and n 
material that can only be operated in 
the switching mode where they act as 
either an open or closed switch. 


Triac — a bidirectional semiconductor 
device that remains in a nonconducting 
state until the forward breakover 
voltage is reached. Once conducting, 
the voltage across the triac drops to 
avery low value. Like an SCR, the 
breakover voltage can be controlled 
by gate current. 


Unijunction transistor (UJT) — a three- 
terminal semiconductor device that 
has only one p-n junction. UJTs are 
used to control the conduction angle 
of an SCR. 
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Self-Test 


Answers at the end of the book. 


1. Adiacisa 
a. unidirectional device. 
b. device with three leads. 


c. bidirectional device. 


d. both a and b. 


2. The forward breakover voltage of 


an SCR 


a. decreases as the gate current 
increases. 


b. cannot be controlled by gate 
current. 


c. increases as the gate current 
increases. 


d. none of the above. 


3. Which of the following is best 
suited for controlling power in 
AC circuits? 


a. the SCR. 
b. the triac. 
c. an ordinary rectifier diode. 


d. none of the above. 


4. For a UJT, the intrinsic standoff ratio, 


n, equals 
Re 


1 
dsm > 
R 

B3 


Essay Questions 


1. Why can’t an SCR or triac be used to amplify an AC signal? 


d. none of the above. 


5. Once an SCR is conducting, 


a. its anode to cathode voltage 
increases substantially. 


b. the only way to turn it off is with a 
positive gate voltage. 


c. it can never be turned off. 


d. the gate loses all control. 


6. For an SCR, the holding current, /,,, 


is defined as the 


a. minimum anode current required 
to hold the SCR in its conducting 
state. 


b. maximum anode current that the 
SCR can safely handle. 


c. minimum amount of anode 
current that will keep the SCR off. 


d. none of the above. 


7. An RC phase-shifting network is 
used in SCR and triac circuits to 


a. control the conduction angle of 
the thyristor. 


b. handle some of the load current. 


triac? 


2. How can an SCR or triac be turned off once it is 


conducting? 


c. vary the holding current. 


d. none of the above. 


. Which is the most sensitive mode of 


operation for a triac? 
a. mode 1. 
b. mode 2. 
c. mode 3. 


d. mode 4. 


9. Thyristors are used extensively in 


a. small signal amplifiers. 
b. stereo amplifiers. 
c. high-power switching applications. 


d. none of the above. 


10. A triac is equivalent to 


a. two diacs in parallel. 
b. an SCR without a gate lead. 
c. two ordinary diodes in parallel. 


d. two SCRs in parallel. 


4. Why is a diac often placed in series with the gate lead of a 


5. What is meant by the negative resistance region of a UJT? 


3. What are two similarities and two differences between an 


SCR and a triac? 


Problems 


SECTION 33-1 DIACS 


33-1 In what type of circuits are diacs primarily used? 


33-2 What makes a diac stop conducting? 
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SECTION 33-2 SCRs AND THEIR 


CHARACTERISTICS 


33-4 Namethe three leads of an SCR. 


33-5 How does an SCR differ from an ordinary rectifier 
33-3 Under what condition will a diac conduct? diode? 
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33-6 


33-7 


33-8 


33-9 


33-10 


33-11 


33-12 


33-13 


33-14 


For an SCR, define the following terms: 
a. forward blocking current. 


b. reverse blocking current. 


What happens to the anode current in an SCR when 
the breakover voltage is reached? 


ow can an SCR be turned off? 


ow is the forward breakover voltage of an SCR 
ffected by gate current? 


wu 


f an SCR is conducting, can a control signal at the 
gate turn it off? 


Define the following SCR ratings: 


a. l; (av). 


b. l; (rms). 


In Fig. 33-5, what happens to the brightness of the 
lightbulb as the wiper arm of R, is moved upward? 


In Fig. 33-5, does the SCR conduct during the 


negative alternation of input voltage? Does the lamp 


light during this time? 


33-15 What is the purpose of D, in Fig. 33-5? 


33-16 What is the advantage of using an RC phase-shifting 


network to control the conduction of an SCR versus 


the method shown in Fig. 33-5? 


SECTION 33-3 TRIACs 


33-17 


33-18 What is the main advantage of a triac versus an SCR? 


33-19 


33-20 Can a triac be triggered with a negative gate voltage? 


ame the three leads of a triac. 


How can the forward breakover voltage of a triac be 


reduced? 


33-21 How can a triac be turned off? 


33-22 Why is a triac said to be asymmetrical? 


33-23 In Fig. 33-9, what is the purpose of the diac in the 


gate circuit? 


Answers to Self-Reviews 33-1 a. two 


b. yes 


33-2 a. it decreases 


b. no 


Thyristors 


What are the two distinct states of operation for an SCR? 


33-24 In Fig. 33-9, what happens to the current in the load, 
R, as the resistance of R, is increased? 


33-25 In Fig. 33-9, which direction does the current flow in 
the load, R? 


SECTION 33-4 UNIJUNCTION TRANSISTORS 
33-26 Name the three leads of a UJT. 


33-27 In Fig. 33-15, what voltage does the emitter voltage, 
V: need to reach to make the UJT conduct? 


Figure 33-15 
+Va = 15 V 
R, =10 ka R, = 100 Q 

B, 
n=0.7 

B, 

C} = 0.022 pF 
R,=56Q 


33-28 In Fig. 33-15, what is the frequency of oscillation? 


33-29 If 7 =0.5 in Fig. 33-15, what is the frequency of 
oscillation? 


33-30 In Fig. 33-15, what type of waveform appears at the 
base 1 (B,) terminal? 


33-31 Refer to Fig. 33-14. 


a. What type of waveform is produced by the bridge 
rectifier consisting of diodes D,—D,? 


b. What is the purpose of the zener diode, D.? 


c. What happens to the conduction angle of the SCR as 
the value of R, is increased? 


33-3 a. two SCRs in parallel 
b. no 


33-4 a. the rati = 
—4 a. the ratio RFR, 
b. V; decreases 
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Laboratory Application Assignment 


In this lab application assignment, you will examine how to 
properly test an SCR with an analog VOM. You will also see 
that a DMM cannot properly test an SCR. Finally, you will 
build a simple test circuit that reinforces the basic operation 
of an SCR. 


Equipment: Obtain the following items from your instructor. 


* Two SPST switches 

+ Simpson 260 analog VOM or equivalent 
* DMM 

* 12-V incandescent lamp 

+ Variable dc Power Supply 

* 330-Q carbon-film resistor 

e Low- or medium-current SCR 


Analog VOM 


Examine the analog VOM you will be using for this part of the 
experiment. Set the VOM to the RX 1 resistance range, and 
short the ohmmeter leads together. Adjust the zero-ohms 
control for full-scale deflection of the meter’s pointer. If the 
pointer does not deflect all the way to O Q, the meter’s battery 
needs to be replaced. If this is the case, ask your instructor for 
a new battery. 


Testing an SCR 


With the analog VOM set to the R x 1 range, connect the 
ohmmeter leads as shown in Fig. 33—16a. As you can see, this 
connection provides a positive (+) voltage at the anode (A) of 
the SCR with respect to the cathode (K). Even though the SCR 
is forward-biased, the forward voltage applied by the VOM is 
much less than the SCR’s forward breakover voltage, Vre- 
Therefore, the meter should read infinite ohms, indicating that 
the SCR is not conducting. Does your meter show infinite ohms? 


Reverse the connection of the ohmmeter leads, as shown in 
Fig. 33-16b. As you can see, this connection reverse-biases the 
SCR because it applies a negative (—) voltage at the anode (A) 
with respect to the cathode (K). As a result, the meter should 
still read infinite ohms. Does it? 


Return the ohmmeter leads to their original polarity, as shown 
in Fig. 33-16c. With the gate lead still open, the meter should 
read infinite ohms. Now place a jumper from the anode (A) to 
the gate (G) as shown. This connection provides the gate with a 
positive (+) voltage with respect to the cathode (K). The meter 
should now read a low resistance. Does it? 

f the meter shows a low resistance, it indicates the SCR is on 
or conducting. 


Remove the jumper from the anode to the gate. The meter 
should still show a low resistance. Does it? Does 
this test indicate that once the SCR is conducting, the gate 
oses all control? 
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Figure 33-16 


A 
Red 
Analog ohmmeter 
R x 1 range 
G 
Black 
K 
(a) 
A 
Black 
Analog ohmmeter 
R x 1range 
G 
Red 
K 
(b) 
A 
Red 
Jumper 
Temporarily short 
A and G 
Analog ohmmeter 
R x1 range 
G 
Black 
K 
(c) 


Do the results of your test indicate that the SCR is good or bad? 


Repeat this testing procedure with a DMM. Pay special attention 
to the step where the jumper is removed from the anode to the 
gate. Describe, in detail, your results below. 


On a separate sheet of paper show how an analog VOM could 
be used to test a triac. 
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SCR Test Circuit 


Connect the SCR test circuit in Fig. 33-17. Switches S, and S, 
should initially be in the open position. Indicate the state of the 
lamp in each step of the following procedure. 


a. With both S, and S, open, is the lamp lit or is it dark? 


In step d, did the SCR turn off when S, was opened? If 
not, explain why. 


b. Close S,. Did the lamp light? 


c. With S; still closed, now close S,. Is the lamp lit now? 


d. Open S,. Did the lamp stay lit, or did it go dark? 


e. Open S,.What is the condition of the lamp now? 


Imagine the DC voltage source in Fig. 33-17 was replaced with 
an AC voltage source whose output is 48 Vpp. Would the 
results of the SCR test circuit differ or be the same using the 
same switch sequence for S, and S,? 


Figure 33-17 


Design credit Multisim: ©Stockbyte/Getty Images 


Thyristors 


12-V lamp 
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34 


Operational 
Amplifiers 


Eo amplifiers (op amps) are linear ICs that can be used to amplify 
signal frequencies that extend from O Hz (DC) to well above 1 MHz. Op amps 
have two input terminals and one output terminal. One of the most important 
qualities of an op amp is that it amplifies only the difference between its two input 
signals, while rejecting or severely attenuating signals common to both inputs. 
This allows op amps to be used in systems where a large amount of electrical noise 
is present. In this case, the desired signal is amplified, while the noise common to 
both inputs is attenuated. 


The first stage of every op amp is a differential amplifier. This chapter describes 

the DC and AC characteristics of this circuit and then explains the op amp in greater 
detail. Following a discussion of op-amp theory, several op-amp circuits are 
introduced. E 


chapter outline 


34-1 Differential Amplifiers 34-3 Op-Amp Circuits with Negative 
34-2 Operational Amplifiers and Their o 
Characteristics 34-4 Popular Op-Amp Circuits 


After studying this chapter, you should be able to 


Œ Calculate the DC values in a differential = Calculate the output voltage of a summing 
amplifier. amplifier. 
= Calculate the differential voltage gain, A4, of a B Calculate the cutoff frequencies of an active 
differential amplifier. low-pass and active high-pass filter. 
m Calculate the common-mode voltage gain, m Explain the operation of a voltage-to-current 
Acu: of a differential amplifier. and current-to-voltage converter. 
= Calculate the voltage gain, input impedance, m Explain the operation of an op-amp 
and output impedance in inverting and comparator. 
noninverting amplifiers. Æ Explain the operation of a precision half- 
mg Explain what is meant by the gain-bandwidth wave rectifier. 
product. 


active filter comparator negative saturation power bandwidth 3) 
closed-loop cutoff differential input voltage, —V a Schmitt trigger 

frequency, fer voltage, V4 open-loop cutoff slew rate, Sp 
Do voltage A voltage pe ee slew- rate distortion 

gain, Aq, . gain, A, open- r voltage a 
common-mode input Tey Ges Ayon . 

ae : , tonal jier tail current, l 

common-mode rejection input bias current, lg ge eee Alay yeltage follower 

ratio (CMRR) input offset current, l aP PNE ; À 
common-mode voltase a positive saturation zero-crossing detector 


gain, Acy voltage, +V.., 
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GOOD TO KNOW 


An op amp that uses JFETs for 
the input differential amplifier 
and bipolar transistors for the 
following stages is called a biFET 


op amp. 
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34-1 Differential Amplifiers 


Figure 34—1a shows the most common form of a differential amplifier. Notice that 
it has two inputs but only one output. The output is taken from the collector of Q,. 
The base of Q, is called the noninverting input; the base of Q, is the inverting input. 
The voltage applied to the noninverting input is designated V,, and the voltage 
applied to the inverting input is designated V,. The output voltage for the differential 
amplifier in Fig. 34—1a equals 


Vou = AV, — V2) (34-1) 


where A, represents the differential voltage gain. 

If the bases of Q, and Q, are grounded, the DC output voltage equals the quies- 
cent collector voltage, Vo. 

In Fig. 34-1b, the base of Q, is grounded, and a signal is applied at the base of 
Q,. Notice that V,,, and V, are in phase. Figure 34—1c shows the other condition in 
which the base of Q, is grounded and a signal is applied to the base of Q,. 

For this condition, the input and output signals are 180° out of phase. Finally, 
Fig. 34-1d shows the condition in which two inputs are applied simultaneously. 
Notice that the two inputs, V, and V,, are 180° out of phase. Also, note that V „is in 


phase with V,. = 
DC Analysis of a Differential Amplifier 


Figure 34—2a shows a differential amplifier with both bases connected to ground 
through the base resistors, Rg, and R,,. Each base must have a DC return path to 
ground; otherwise, the transistor with the open base will go into cutoff. 

Under ideal conditions, the transistors Q, and Q, would be perfectly matched. 
For this analysis, assume that Q, and Q, are matched. 

The DC current through the emitter resistor, R,, is often called the tail current and is 
usually designated [,. With Q, and Q, perfectly matched, 7; splits evenly between the 
emitter of each transistor. The tail current, Z+, is calculated using Formula (34-2): 


i= = (34-2) 
E 
where Vse = 0.7 V at the emitter terminals. In Fig. 34—2a, I, is 
L= H Vip 
_ I V-0.7V 
~ 10 kQ 
= 1.43 mA 


The tail current, Zy, equals 2/, or 
I, = 21, 
where J, is the emitter current for each transistor. Therefore, each transistor has an 
emitter current, J,, of 74/2 or 
Vir — V, 
I = EE BE 4- 
E 2R; 643) 


Figure 34—2b shows the DC equivalent circuit where each transistor has its own 
separate emitter resistor of 2R,. 
In Fig. 34—2, the DC emitter current for each transistor is 


Chapter 34 


Figure 34-1 Differential amplifier. (a) Circuit showing the inverting and noninverting inputs. (b) V, grounded. Signal applied to noninverting 


input. V, and V,,, are in phase. (©) V, grounded. Signal applied to inverting input. V, and V,,,, are 180° out of phase. (d) Signals applied to both the 
noninverting and inverting inputs. 


+Vec 


+Vec 


i Mar 
Noninverting (Noninverting 


i Inverting input) 
input input 


Re 
=Vee Veg 
(a) (b) 
+Vec +Vec 


Q, v= A 


(Inverting input) 


(a) 


Operational Amplifiers 1101 


Figure 34-2 DC analysis of a differential amplifier. (a) Both bases grounded through the base resistors, Rg, and Rg,. (b) Equivalent circuit 
showing R, split into two separate resistors of 2R.. 


+Vog = 15 V 
+Vog = 15 V 


-Væ = 15 V 
(b) 


View = Vor 
2R; 
_ 15V-07V 
20 KQ 
=715 pA 


or l= 


Either method produces the same results. 
The DC collector voltage equals 


Ve = Vec ~ Icke (34-4) 
This assumes that 7; © Ze. In Fig. 34-2, Vo is 
Ve = Vec ~ LcRe 
= 15 V — (715 „A x 10 kQ) 
=15V -7.15 V 
= 7.85 V 


This DC voltage exists when both bases are grounded. This condition, of course, 
assumes that both transistors are identical. 

The base voltages, V, and V}, are assumed to be approximately 0 V. As proof, 
assume that B, = B, = 250. Then, /, is 


_ 715 pA 
~~250 
= 2.86 pA 


Therefore, the DC base voltage is 
Ve, = Ve, = eRe 
where Rg, = Rp, = 1 KQ. 
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In Fig. 34-2, V, is 


Vp, = Vp, = 2.86 HA X 1 KQ 
= 2.86 mV 


Since this voltage is very small, it can be ignored in the calculations of the 
emitter current, Ip. 


AC Analysis of a Differential Amplifier 


Figure 34-3 shows how to analyze a differential amplifier with an AC input. In 
Fig. 34~3a, the input, V,, is applied to the base of Q, while the base of Q, is 
grounded. Figure 34-3 shows the circuit redrawn. Q, acts as an emitter follower, 
and Q, acts as a common-base amplifier. Because neither transistor has phase 
inversion, the output signal is in phase with V,. Hence, the base of Q, is called the 
noninverting input. Notice in Fig. 34—3b that V, divides evenly between Q, and Q,. 
This can best be explained by examining the AC equivalent circuit in Fig. 34—3c. 
Notice that as far as the AC equivalent circuit is concerned, r’, and r! serve as a 
voltage divider for the input, V,. Since /, = Z}, then r4 = r, assuming Q; and Q, are 
matched. Notice also in Fig. 34—3c that R; is in parallel with r’,. Since Rẹ >> rj, the 
effects of R, can be ignored. Figure 34—3d shows the AC equivalent circuit with R, 
omitted. 

In Fig. 34—3d, the output voltage equals i.R,. The input voltage equals 2i.7%,. 
Therefore, the voltage gain, A4, is 


which simplifies to 


_ Re 
~ Ore 


This can be clearly stated in Formula (34-5): 


Re 


A= 2r 


(34-5) 


Inverting Input 


A similar analysis can be applied when the noninverting input is grounded and a 
signal is applied to the inverting input. Then the formula for A, is 


A=- (34-6) 


where the minus (—) sign is used to indicate the 180° phase inversion. 


Differential Voltage Gain, A, 


When V, and V, are applied simultaneously, the output voltage is 


R 
Vax z V —V,) (34-7) 
Re 
2r', 

If V, and V, are equal, then V, — V, = 0 V, and the output voltage equals its qui- 
escent value of 7.85 V (ideally). 


where 


represents the differential voltage gain, A,. 
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Figure 34-3 AC analysis of a differential amplifier. (a) Original circuit. (b) Circuit redrawn. Q, acts as an emitter follower, and 
Q, acts as a common-base amplifier. (c) AC equivalent circuit showing how V, divides evenly between r/,, andr‘. (d) AC equivalent circuit 
with R; omitted, since R; >> rlz 


+Vog = 15 V 


(Vec is at ground for AC signals.) 


(c) (a) 


Common-Mode Voltage Gain, Ac 


Figure 344 shows how to analyze a differential amplifier when a common-mode 
input signal is applied. The original circuit is shown in Fig. 34—4a. Notice that the 
same signal is applied to each base. The signal applied to each base is assumed to 
have exactly the same phase and amplitude, hence the name common-mode input. 
Since the DC emitter currents are equal, R, can be split into two separate resistances 
each equal to 2R,, as shown in Fig. 34—4b. 
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Figure 34-4 Differential amplifier with a common-mode input, Ven: (0) Original circuit. (b) Equivalent circuit. (c) AC equivalent circuit. 


+Veg = 15 V 


in(cm) 


V, 


in(cm) 


4+Veg =15V 


2R; = 20 kQ 


-Væ = 15 V 
(b) 


(c) 


The AC equivalent circuit is shown in Fig. 34—4c. The output voltage equals 
Vout = ice 
The input voltage equals 
Vincm = icr, + 2Rp) 
Therefore, the common-mode voltage gain, A cy, is 
a = toe 
™ ihri + 2Rz) 
which simplifies to 


Re 
PARER 


In most cases, r, < 2R, and the formula simplifies to 


Rc 


IR- (34-8) 


Ac = 
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Common-Mode Rejection Ratio (CMRR) 


The common-mode rejection ratio (CMRR) is usually defined as the ratio of the 
differential voltage gain, A,, to the common-mode voltage gain, Ag: 
Ay 


CMRR = A. (34-9) 
CM 


The higher the value of CMRR, the better the differential amplifier. It is most 
common to specify the CMRR in decibels: 


A 
CMRR = 20 log (34-10) 
CM 


Example 34-1 


In Fig. 34—3a, calculate the differential voltage gain, A}, and the AC output 
voltage, V, 


out’ 


ANSWER Begin by calculating the AC emitter resistance, r’,. Since 
I, = 715 pA, the calculations are 
, _25mV 
r= E 
_ 25mV 
~ 715 pA 
350 


The differential voltage gain, A}, is calculated by Formula (34-5): 


= 142.86 
Now the AC output voltage, V u» can be calculated: 


out? 
V, 


out 


=A,XV, 


= 142.86 x 10 mV, 
x 1.43 Voz 


Example 34-2 


In Fig. 34-3, calculate the common-mode voltage gain, Aj, and the CMRR (dB). 


ANSWER Begin by calculating Aj. Use Formula (34-8): 
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GOOD TO KNOW 


Many general-purpose op amps 
are now produced with biFET 
technology because this provides 
superior performance over 
bipolar op amps. BiFET op amps 
generally have a wider bandwidth, 
higher slew rate (S,), larger 
power output, higher input 
impedances, and much lower 


input bias currents. 
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A, was calculated earlier in Example 34-1. Its value is 142.86. To calculate 
the common-mode rejection ratio in dB, use Formula (34-10): 


CMRR = 20 log 
Am 
= 20 log n 


= 20 log 285.7 
= 49.1 dB 


A CMRR of 49.1 dB means that the differential input signal will appear 285.7 
times larger at the output than the common-mode input signal. 


E 34-1 Self-Review 


Answers at the end of the chapter. 


a. How does the DC emitter current in each transistor of a differential 
amplifier relate to the tail current? 

b. Which is higher, the differential voltage gain or common-mode 
voltage gain? 

c. Ifa differential amplifier has an A, of 200 and A,,, of 0.25, what is 
the CMRR in dB? 


34-2 Operational Amplifiers and Their 
Characteristics 


Operational amplifiers (op amps) are the most commonly used type of linear 
integrated circuit (IC). By definition, an op amp is a high-gain, direct coupled, dif- 
ferential amplifier. An op amp referred to as the 741 has become an industry stan- 
dard. This op amp, which is contained in an eight-pin IC, is made by several 
manufacturers. They are, however, all equivalent since the specifications are nearly 
identical from one manufacturer to another. 

Figure 34—5a shows the internal diodes, transistors, resistors, and capacitors for a 
741 op amp. The base leads of Q, and Q, connect to pins on the IC unit and serve as the 
two inputs for the op amp. Q, and Q, form a differential amplifier circuit. This circuit is 
used because it can amplify the difference in voltage between the two input signals. 

The output of the op amp is taken at the emitters of transistors Q, and Q,. These 
transistors are connected in a push-pull configuration. Q, conducts during the positive 
half-cycle of the output waveform and Q, conducts during the negative half-cycle. 
This push-pull configuration allows the op amp to have very low output impedance, 
which is analagous to a voltage source having very low internal resistance. 

When viewing the circuit in Fig. 34—5a, it is important to note that direct coupling 
is used between all stages. Direct coupling means that the output of one stage is con- 
nected directly to the input of the next, without using any capacitors or transformers 
to isolate the DC voltages in each stage. For this reason, the op amp can amplify sig- 
nals all the way down to DC. Capacitor C, affects the operation of the op amp at 
higher frequencies. This capacitor is called a compensating capacitor and has a value 
of about 30 pF. Ce is used to prevent undesirable oscillations within the op amp. This 
capacitor also produces slew-rate distortion, which will be discussed later. 

The schematic symbol commonly used for op amps is shown in Fig. 345d. Notice 
that the triangular schematic symbol shows only the pin connections to different points 
inside the op amp. Pin 7 connects to +V,,, and pin 4 connects to — Vcc. Also, pins 2 
and 3 connect to the op-amp inputs, and pin 6 connects to the op-amp output. 
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Figure 34-5 741 op amp. (a) Simplified schematic diagram. (b) Schematic symbol for op amp showing pin numbers. 
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Inverting 
input 


Output 


Noninverting 
input 


Open-Loop Voltage Gain, A, 


The open-loop voltage gain, A,,,, of an op amp is its voltage gain when there is no 
negative feedback. The open-loop voltage gain of an op amp is the ratio of its out- 
put voltage, V w» to its differential input voltage, V,,: 


out? 
V, 


out 


Avo. = Va 


where Ayo, = open-loop voltage gain of op amp, V,,, = output voltage, and 
V,, = differential input voltage. The typical value of Ayo, for a 741 op amp is 
200,000. Figure 34—6c illustrates the concept. Notice that V,, = V, — V,, and that Vu 
= Ayo, X Via It is important to note that only the differential voltage, V, — V5, is 
amplified, not the individual values of V, and V,. 

As a numerical example, assume that the differential input, V,,, in Fig. 34-6b 


equals +50 „V and that Ayo, = 200,000. Then the following is true: 


Vou = Avon X Via 
= 200,000 x (+50 uV) 
=+10V 


The answer is shown as +10 V in Fig. 34-6b because the polarity of V,, is not speci- 
fied. The polarity of output voltage, V.,,, for an op amp is determined by the follow- 
ing two rules: 


1. When the voltage at the noninverting (+) input is made positive with 
respect to its inverting (—) input, the output is positive. 

2. When the voltage at the noninverting (+) input is made negative with 
respect to its inverting (—) input, the output is negative. 
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Figure 34-6 = Op-amp circuits used to amplify the small value of V,, by the high value of Aa- See text for analysis. 


+Vec 


Va= V-V 


Avo. = 200,000 


+15 V 


—Voc +V,, = 50 pV Avo. = 200,000 V ut = +10 V 


-15V 
(b) 


V, 


out = 


—10 V 


Assume in Fig. 34—6c that V, = 1 V and V, = 999.95 mV. What will the output 
be? Simply multiply V,, by Ayo,. First, find V,,: 


Via=Vi- Vp 
= 1] V — 999.95 mV 
= 50 uV 


To calculate V 


out? 


proceed as follows: 


Vout = Avor X Via 
= 200,000 x 50 nV 
=+10V 


Notice again that the actual values of V, and V, are not amplified, just the difference 
between them. Also, note that V, in Fig. 34—6c is connected to the noninverting (+) 
input terminal and V, is connected to the inverting input terminal. Because V, is 
more positive than V,, the output is positive. 

In Fig. 34-6d, V, and V, are reversed. Here V, is negative with respect to V,. Va 
is calculated as shown: 


V,, = V, — V, = 999.95 mV — 1 V = —50 pV 


To find V w again multiply V,, by Ayo, as shown: 


Vout = Avor X Via 
= 200,000 x (—50 uV) 
=-10V 


The key point from all the circuits in Fig. 34—6 is that only the differential input 
voltage, V,,, is amplified by the op amp’s high value of open-loop voltage gain. 
There are upper and lower limits for the output voltage, V,,,. The upper limit 


of V „is called the positive saturation voltage, designated +V,,,. The lower limit 


sat* 
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Input bias currents. 


+V ee 


of V «is called the negative saturation voltage, designated —V,,,. For the 741 op amp, 


+V,,, is usually within a couple volts of +V,.. For example, if +Voc = +15 V, then 
+V „= +13 V. Incidentally, the amount of differential input voltage, V,,, required to 
produce positive or negative saturation in Fig. 34—6 is found as follows: 
tV 
Va Avot 
_ 13V 
~ 200,000 


= +65 uV 


Remember that V „ will be positive if the noninverting input (+) is made positive 


with respect to the inverting (—) input. Likewise, V „ will be negative if the non- 
inverting input (+) is made negative with respect to the inverting (—) input. 

One more point: If the output voltage of any op amp lies between —V,,, and 
+V then V,, will be so small that it can be considered zero. Realistically, it is 
very difficult to measure a V,, of 65 „V in the laboratory because of the presence 


of induced noise voltages. Therefore, V can be considered zero, or V = 0 V. 


Input Bias Currents 


In Fig. 34—Sa, the base leads of Q, and Q, serve as the inputs to the op amp. These 
transistors must be biased correctly before any signal voltage can be amplified. In 
other words, Q, and Q, must have external DC return paths back to the power 
supply ground. Figure 34-7 shows current flowing from the noninverting and 
inverting input terminals when they are grounded. For a 741 op amp, these cur- 
rents are very, very small, usually 80 nA (80 x 10~° A) or less. In Fig. 34-7, Ip, 
designates the current flowing from the noninverting input terminal, and J, des- 
ignates the current flowing from the inverting input terminal. 

Manufacturers specify J, as the average of the two currents, /,, and J,_. This can 
be shown as 


_ Vash + Wo. 


I, 7 


(34-11) 
where || means magnitude without regard to polarity. Ip, and J,_ may be different 
because it is difficult to match Q, and Q, exactly. The difference between these two 
currents is designated Jos, for input offset current. I,, can be expressed as shown 
here: 


Tos = pal =h (34-12) 


For a 741 op amp, Jo, is typically 20 nA. 

For our analysis, we will assume that the values of /,, and /,_ are zero because 
they are so small. However, in some cases of high precision, their effects on circuit 
operation must be taken into account. 


Frequency Response 


Figure 34-8 shows the frequency response curve for a typical 741 op amp. Notice 
that at frequencies below 10 Hz, Ayo, = 200,000. Notice, however, that Ayo, is 
down to 70.7% of its maximum value at 10 Hz. In Fig. 34-8, Ayo, = 141,400 at 
10 Hz. This frequency is designated fo, for open-loop cutoff frequency. 

Beyond f,,, the gain decreases by a factor of 10 for each decade increase in fre- 
quency. This is equivalent to saying that Ayo, decreases at the rate of 20 dB/decade 
above fo- This drop in Ayo, at higher frequencies is caused by capacitor Co inside 
the op amp. The frequency where Ayo, = 1 is designated fiyity For a 741, foniy 18 
approximately 1 MHz. 
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GOOD TO KNOW 


Another commonly used op amp is 
the LM318. It has a minimum slew 
rate of 50 V/us and an fanity Of 

15 MHz. This is a considerable 


improvement over the 741 op amp. 


Figure 34-8 Frequency response curve for the 741 op amp. 
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Slew Rate 


Another very important op-amp specification is its slew rate, usually designated Sp- 
The slew-rate specification of an op amp tells how fast the output voltage can change 
in volts per microsecond, or V/ys. For a 741 op amp, the S, is 0.5 V/us. This means 
that no matter how fast the input voltage to a 741 op amp changes, the output voltage 
can change only as fast as 0.5 V/us, which is its slew rate. Figure 34-9 illustrates this 
concept. Here the op amp’s output waveform should be an amplified version of the 
sinusoidal input, V;,. In this case, waveform A would be the expected output. How- 
ever, if the slope of the output sine wave exceeds the Sg rating of the op amp, the 
waveform appears triangular. Therefore, slew-rate distortion of a sine wave produces 
a triangular wave, such as waveform B in Fig. 34-9. 


Power Bandwidth 


There are two ways to avoid slew-rate distortion of a sine wave: Either use an 
op amp with a higher slew rate or accept an output waveform with a lower 
peak voltage. Using an op amp with a higher slew rate seems like a logical 
solution because then the output waveform will be able to follow the sinusoi- 
dal input voltage, V. But why would less peak voltage for the output 


Figure 34-9  Slew-rate distortion occurs when the initial slope of the output waveform exceeds the Sp rating of the op amp. 
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Figure 34-10 Waveforms A and B have the same frequency but different slopes during 
positive and negative alternations. 


+10 V 


AV=5V 


je Waveform B 


Waveform A 


waveform solve the problem? The answer can best be illustrated as shown in 
Fig. 34-10. Here both waveforms A and B have exactly the same frequencies, 
but different peak values. Waveform A has a peak value of 1 V, whereas wave- 
form B has a peak value of 10 V. Now compare the voltage change during the 
first 308 of each waveform. Notice that the change in voltage, AV, for wave- 
form A is 0.5 V during the first 308, whereas AV for waveform B is 5 V during 
this same interval. Notice that the rate of voltage change for waveform B is 10 
times that of waveform A during the same time interval, even though both 
waveforms have exactly the same frequency! Therefore it is true to say that 
two waveforms having identical frequencies but different peak values have 
significantly different slopes during their positive and negative alternations. 
The higher the peak voltage of a sine wave for a given frequency, the greater its 
initial slope. If the initial slope of the output waveform exceeds the S, rating of the 
op amp, slew-rate distortion will occur. The following formula gives the highest 
undistorted frequency out of an op amp for a given S, and peak voltage: 


Sp 
Jri = 2aV x. (34-13) 
where 
Fooax = highest undistorted frequency 
Sp = Slew rate 
Vx = peak value of output sine wave 
Notice that f,,,, can be increased by using an op amp with a higher slew rate or by 


accepting an output waveform with lower peak voltage. 
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Example 34-3 


Calculate fax for an op amp that has an Sk of 5 V/us and a peak output 
voltage of 10 V. 


ANSWER 
Sr 
Jiri = 2aV 
___5 V/us 
~ 2x 3.141 x 10 
= 79.6 kHz 
The frequency fax Of 79.6 kHz is commonly called the 10-V power 


bandwidth. This means that slew-rate distortion for a 10-V peak sine wave will 
not occur for frequencies at or below 79.6 kHz. 


Output Short-Circuit Current 


An op amp such as the 741 has short-circuit output protection: Its output short- 
circuit current is approximately 25 mA. Thus, if the op-amp output (pin 6) is tied 
directly to ground, the output current cannot exceed 25 mA. Small load resistances 
connected to the op-amp output usually have lower amplitudes of output voltage 
because the output voltage cannot exceed 25 mA x R,. 


Common-Mode Rejection Ratio (CMRR) 


As mentioned earlier, an op amp amplifies only the difference in voltage between 
its two inputs. Remember that the input stage of an op amp is a differential ampli- 
fier. Therefore, an op amp has the inherent ability to amplify the differential mode 
input signal and attenuate any common-mode input signal. If two identical signals 
are applied to the inputs of an op amp, each with exactly the same phase relation- 
ship and voltage values, the output will be zero. Such a signal is called a common- 
mode signal. Unfortunately, even with a perfect common-mode signal, the output 
from the op amp will not be zero because op amps are not ideal. The rejection of 
the common-mode signal is very high. For a typical 741 op amp, the common- 
mode rejection ratio (CMRR) is 90 dB, which corresponds to a ratio of about 
30,000:1. 

What does this mean? If two input signals, one a differential input signal and the 
other a common-mode input signal, are simultaneously applied to a 741 op amp, 
the differential input signal will appear about 30,000 times larger at the output than 
the common-mode input signal. 


E 34-2 Self-Review 


Answers at the end of the chapter. 


a. What is the input stage of every op amp? 

b. If the voltage at the noninverting input (+) of an op amp is negative 
relative to the inverting (—) input, what is the polarity of the output 
voltage? 

c. Calculate f for an op amp that has an S} of 10 V/s and a peak 
output voltage of 5 V. 
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34-3 Op-Amp Circuits with Negative 
Feedback 


The term feedback in electronics refers to sampling a portion of the output signal 
from an amplifier and feeding it back either to aid or to oppose the input signal. 
Negative feedback means that the returning signal has a phase that opposes the input 
signal. Negative feedback can significantly improve the performance of an ampli- 
fier. Any op-amp circuit that does not use negative feedback is considered too unsta- 
ble to be useful. This section describes how negative feedback can be used to 
stabilize the voltage gain, improve the input and output impedances, and increase 
the bandwidth of an amplifier. 


The Inverting Amplifier 


Figure 34—11a shows an op-amp circuit that uses negative feedback. The circuit is 
called an inverting amplifier because the input and output signals are 180° out of 
phase. The 180° phase inversion occurs because V, is applied to the inverting (—) 
input terminal of the op amp. 

Resistors R, and R, provide the negative feedback, which in turn controls the 
circuit’s overall voltage gain. The output signal is fed back to the inverting input 
through resistors R, and R,. The voltage between the inverting input and ground is 
the differential input voltage, designated V,,. The exact value of V; is determined by 
the values Ayo, and V,,,. Even with negative feedback, the output voltage of an op 


out" 


amp can be found from 


Vout = Avot X Via 


1114 


Figure 34-11 


Inverting amplifier. (a) Circuit. (b) Circuit emphasizing the concept of virtual ground. 
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For all practical purposes, V; is so small that it can be considered zero in most 
cases. This introduces little or no error in circuit analysis. Since V,, is so small (prac- 
tically zero), the inverting input terminal of the op amp is said to be at virtual 
ground. This means that the voltage at the op amp’s inverting input is at the same 
potential as ground, yet it can sink no current. This point of virtual ground is illus- 
trated in Fig. 34-11. 


Closed-Loop Voltage Gain, A-, 


Because the inverting input terminal of the op amp is at virtual ground, the voltage 
drop across the input resistor, R, equals V, Therefore, the current through R,, is 
V, 


in 


R; 


i 


T= 


Because negligible current flows from the inverting input terminal, all of the cur- 
rent produced by V,, must flow through the feedback resistor, R,. Therefore, the 


in 


voltage across the feedback resistor, Rp, is 
Va, = 1X Rp 


where J equals the input current through R;. 
Because the inverting input is at virtual ground, the output voltage must equal the 
voltage across the feedback resistor, R,,. Therefore, 
Vout = I x Rg 


By rearranging the equation, Z = V,,/R,, the voltage gain of the circuit can be 
calculated as 


< 


out 
Vin 
1X R, 
xR, 
Ry 


--$ (34-14) 


i 


Aq 


~ 


where A,, equals the closed-loop voltage gain, which is the gain of the amplifier 
with negative feedback. 

The minus (—) sign in Formula (34-14) indicates that V, and V „are 180° out of 
phase. 

The negative feedback keeps the overall voltage gain constant, even if the open- 
loop voltage gain, Ayo, changes. In other words, the closed-loop voltage gain, A c, 
is independent of any changes in the op amp’s open-loop voltage gain, Ayo, . 


Example 34-4 


In Fig. 34-1 1a, calculate the closed-loop voltage gain, A,,, and the output 
voltage, V, 


out* 


ANSWER Using Formula (34-14), the voltage gain is calculated as 
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The output voltage is 


As shown in Fig. 34—1 1a, the input and output voltages are 180° out of phase. 


Example 34-5 


If Ayo, equals 100,000 in Fig. 34-1 1a, calculate the value of V,,. 


ANSWER  Rearranging the formula, Ayo, = V, 


out, 


/Va gives 


Via = 


Ayo 
10 Vis 
~ 100,000 
= 100 4V p 
This voltage is very difficult to measure in the laboratory and therefore, as 
mentioned earlier, can be considered zero in most cases. 


Input Impedance, Z,, 


Since the inverting input of the op amp is at virtual ground, the voltage source, V,,,, 
sees an input impedance equal to R;. Therefore, 


Zax R, (34-15) 


The inverting input of the op amp has extremely high input impedance, but its 
value is not the input impedance of the circuit. 


Output Impedance, Z 


Because of the negative feedback in Fig. 34-11, the output impedance of the circuit 
is significantly less than the open-loop output impedance of the op amp. The output 
impedance of a circuit with negative feedback is called the closed-loop output 
impedance, designated Z wcu» and can be calculated using Formula (34-16): 


Zout(OL) 
Zouc) = 1 + Ayo. P (34-16) 


where Z,wor = the open-loop output impedance of the op amp, and 


R; 
PERR 


Pp is called the feedback fraction because it determines how much of the output 
signal is fed back to the input. 


Chapter 34 


Operational Amplifiers 


Example 34-6 


In Fig. 34-1 la, calculate Z, and Zsu- Assume Ayo, = 100,000 and 
Zw = 75 Q. 


‘ol 


ANSWER In Fig. 34-1 1a, Z,, is calculated as 


Zin x R; 
=1kQ 
Notice how simple this is. Because Z,, = R; the designer can easily control 


the input impedance of the amplifier. 
To calculate Zc» calculate the feedback fraction, /: 


-__1kQ __ 
1kQ + 10kQ 
= 0.0909 


Next, use Formula (34-16): 


Z 
_ ‘out(OL) 
Zout(CL) = 1 + Avo. B 
___75Q 
1 + 9090 
= 0.0082 Q 


Example 34-7 


In Fig. 34-11, calculate the 5-V power bandwidth. 


ANSWER Use the formula for power bandwidth. Since the op amp used 
in this circuit is a 741, Sg = 0.5 V/ys. Also, with 10 V,,, at the output, 
Vx = 10 V,.,/2 = 5 Vp Therefore, 
Sr 
Joas = 2n Vx 
0.5 V/ps 


~9x3.141x5V 
= 15.915 kHz 


To avoid slew-rate distortion of the output sine wave, the operating frequency 
must not exceed 15.915 kHz if a peak output voltage of 5 V is desired. 


The Noninverting Amplifier 


Figure 34-12 shows how to connect an op amp to work as a noninverting amplifier. 
Notice that the input signal, V,,, is applied directly to the noninverting (+) input of 
the op amp, so that the input and output signals will be in phase. 
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Figure 34-12 Noninverting amplifier. 


Re = 10 KQ 


As with the inverting amplifier, the values of R, and R; determine the closed- 
loop voltage gain, Aœ. Because the differential input voltage, V,,, between the op 
amp input terminals is approximately zero, the current through R, is found as 
follows: 


where / is the current through R. 

Rearranging gives V,, = 1X R. 

Because practically no current flows from the inverting input terminal of the 
op amp, all of the input current must flow through the feedback resistor, Rp- 
Therefore, 


Va, = 1X Rẹ 


Since the output voltage, V „is taken with respect to ground, V,,, is the sum of 
Vg; and Vg, Expressed as a formula, 


V „= IR, + IR, 
= KR; +R) 


The closed-loop voltage gain, Ac, is calculated by dividing V u by Vn: 
V, 


out 
_ KR;+R) 
=R, 

R; +R, 
=R 


R 
or Ag, = T +1 (34-17) 


i 


Aq = 


i 


As with the inverting amplifier, the closed-loop voltage gain, Acı, is independent 
of the changes in Ayo,. 
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Example 34-8 


In Fig. 34-12, calculate the closed-loop voltage gain, Acı, and the output 
voltage, V, 


out* 


ANSWER Using Formula (34-17), the calculations are 


R 
Aa =R+1 


i 


The output voltage, Vu is 


out? 


Vout = Vin x Ac. 
=1V,,x11 
=11V,, 

Input Impedance, Z,, 


Since the voltage source has to supply virtually no current to the op amp’s non- 
inverting input terminal, the voltage source, V,,, sees a very high input impedance, 
Z Hence, there is virtually no loading of the input voltage source. To calculate Z, 
in a noninverting amplifier, use Formula (34-18): 


Zinc) = Ra + Avo. A) (34-18) 


where R, represents the open-loop input resistance of the op amp and Zc 
represents the closed-loop input impedance of the circuit with negative feedback. 
Because | + Avo; A is large in most cases, Zac approaches infinity. 


Output Impedance, Z 


Negative feedback also affects the output impedance of a noninverting amplifier. 
Here’s how. 

Refer to Fig. 34-12. Suppose that there is an increase in the load resistance, R,. 
Then less current will flow through the output impedance of the op amp, which in 
turn increases the output voltage. This causes more output signal voltage to be fed 
back to the inverting input of the op amp. Since V,, remains constant, the 
differential input voltage, V decreases. Furthermore, since V u = Ayo, X Via the 
decrease in V,, offsets the original increase in output voltage. 

Suppose that there is a decrease in the load resistance, R,. Then more 
current will flow through the output impedance of the op amp, which in turn 
decreases the output voltage. This causes less voltage to be fed back to the 
inverting input. Because V,, remains constant, the differential input voltage, 
Vœ increases. Since V u = Ayo, X Via the increase in V offsets the original 
decrease in output voltage. 

In summary, negative feedback lowers the output impedance of the op amp. Just 
as in the inverting amplifier, Z,.,c,) 18 calculated using Formula (34-16): 


Z Zout(OL) 


‘out(CL) = T+ Ags BP 
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Example 34-9 


In Fig. 34-12, calculate Zac and Zuc. Assume Rp = 2 MQ, 
Avo = 100,000, and Zuon = 75 Q. 


ANSWER Begin by calculating Z,¢): 


Zinc) =R,C + Avo. P) 
= 2 MQ (1 + 100,000 x 0.0909) 
x 18 GQ 


Wow! For all practical purposes, this can be considered infinity. 
Next, calculate Z,,c1): 


7 Zoot) 


out(CL) IFA 


z 75Q 
1 + (100,000 x 0.0909) 
=0.0082 Q 


Notice how close this is to zero ohms. 


The Voltage Follower 


Figure 34-13 shows a very popular op-amp circuit called a voltage follower. This 
circuit is also called a unity gain amplifier, buffer amplifier, or isolation amplifier. 
Notice that the input voltage, V,,, is applied directly to the noninverting (+) input 
of the op amp. Because of this, the input and output voltages are in phase. Also, 
notice that the output is connected directly to the inverting (—) input terminal. 


Since Va © 0 V, then, 


Vout = Vin 
Therefore, 
Aq =1 
Because V u = Viw the output voltage must follow the input voltage; hence the 


name voltage follower. The voltage follower uses the maximum amount of negative 


Figure 34-13 Voltage follower. 
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GOOD TO KNOW 


Using an op amp as a voltage 
follower (buffer amplifier) is very 


common in electronic circuits. 
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feedback possible. Because of this, Z «cy is extremely high and Z,,,<,) 1s extremely 
low. Formulas (34-18) and (34-16) can be used to calculate Z,¢,, and Zouc» 
respectively. 

One might question why such a circuit would ever be used if the voltage gain is 
only one. The reason lies in the fact that the circuit can buffer or isolate a low imped- 
ance load from the voltage source, V,,. This means that rather than connect a rela- 
tively low value of load resistance across the terminals of V, the op amp can be used 
to eliminate any loading that might occur. Since V,, is connected to the noninverting 
(+) input terminal of the op amp, it has to supply virtually no current to the circuit. 
Thus, the source voltage, V,,, won’t be loaded down. Also, because of the heavy nega- 
tive feedback, the output impedance, Z,,,¢,), is very low. This means that the circuit 
acts as an ideal voltage source with nearly zero internal impedance. 


Example 34-10 


In Fig. 34-13, R, = 2 MQ, Zon = 75 Q, and Ayo, = 100,000. Calculate 
Zac and Zout(CLy 


ANSWER Begin with Z,,¢1): 


Zinc) = Ra (1 + Ayo. P) 
Since # = 1, 
Zac) = R, + Avon) 


in 


= 2 MQ (1 + 100,000) 
x 200 GQ 


Next calculate Zc: 


©) 


Z Zout(OL) 


‘out(CL) T Tt Age 
Since f = 1, 
Z 


‘out(OL) 
Zout(CL) = 1 + Agar 
_ 75Q 
1 + 100,000 


x 0.00075 Q 


For all practical purposes, Z,,, is infinity and Z,,, is zero ohms. 


Op-Amp Bandwidth 


Because the stages inside an op amp are direct coupled, there is no lower cutoff 
frequency. An op amp does, however, have an open-loop upper cutoff frequency, 
designated f,,. Remember that f,, for a 741 op amp is 10 Hz. At this frequency, the 
open-loop voltage gain, A\,, is down to 70.7% of its maximum value. With nega- 
tive feedback, the upper cutoff frequency of the op-amp circuit can be extended well 
beyond the value of fọ,- 

Here is why: Assume that in a noninverting amplifier (such as the one shown in 
Fig. 34-12), the frequency of V, increases above the open-loop cutoff frequency, 
fou. This causes the open-loop voltage gain, Ayo, to decrease. Because Ayo, 
decreases, however, the amount of negative feedback also decreases. Because V,, 
remains constant, the differential input voltage, V,,, increases. Since V u = Ayo, X Via 


out 


1121 
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the increase in V,, compensates for the reduction in Ay,,, which maintains the output 
voltage at a constant value. Therefore, the closed-loop gain, Açı, also remains con- 
stant. If the frequency of V,, keeps increasing, the open-loop voltage gain will even- 
tually equal the closed-loop voltage gain, Acı. Then the curves for Ayo, and Aq, will 
superimpose and decrease together at the same rate. 

The frequency at which the closed-loop gain, A,,, decreases to 70.7% of its maxi- 
mum value is called the closed-loop cutoff frequency, designated for. for, can be 
calculated as 


Sii 
= (34-19) 
f CL Ac 
where finiy represents the frequency at which the open-loop voltage gain of the op 


amp equals one, or unity. Data sheets always list the value for fii. 

Formula (34-19) indicates that the closed-loop cutoff frequency is affected by 
the closed-loop voltage gain, Ac. As Aq, increases, the closed-loop bandwidth, for» 
decreases and vice versa. 


Closed-Loop Gain-Bandwidth Product 


Formula (34-19) can be rearranged as 


Ache. = finity 


For a particular op amp, the product of Ac, and fẹ will always equal f,,,,,. This is 
called the closed-loop gain-bandwidth product. For a 741 op amp, the product of 
Aq, and fẹ will always equal 1 MHz. This is true regardless of the values of the 
resistors used for negative feedback. 

Figure 34-14 shows the frequency response curves for Ayo, and closed-loop 
gains of 10 and 1000. Notice that the curve for Ayo, is down to 70,700 at fop, which 
is 10 Hz. Notice that the curves for Aj, = 1000 and Aq, = 10, however, are unaf- 
fected at this frequency. 

When Aa, = 1000, the closed-loop bandwidth, f,, is 


100,000 
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When Ac = 10, then, 


1 MH 
fo. = 10 f 


= 100 kHz 


Refer to Fig. 34—14. In each case, notice that when the value of Ayo, = Acı the 
curves superimpose and decrease to | or unity at 1 MHz. 

Notice that there is a trade-off between gain and bandwidth. If the closed-loop 
voltage gain, Acı, is decreased, the bandwidth will increase. Conversely, increasing 
the closed-loop voltage gain will decrease the bandwidth. 


Single Supply Operation 


Op-amp circuits can also work with a single power supply voltage, as shown in 
Fig. 34-15. Notice that pin 7 is connected to +15 V and pin 4 is grounded. Notice 
also that R, and R, supply a DC voltage to the noninverting input of the op amp. 
Because R, and R, are equal, the DC voltage at the noninverting input equals Voc + 2 or 
+7.5 V. Because the coupling capacitors C, and C,,, appear open to DC, the DC 
voltages at the inverting input and the op-amp output also equal 7.5 V. For DC, the 
op amp works as a voltage follower. The resistors R, and R, will not affect the DC 
voltages in the circuit because with C,, open to DC, R, and R, cannot affect the 
feedback fraction. 

For AC operation, the input and output coupling capacitors appear as shorts. 
Because the AC signal is applied to the inverting input, the circuit functions as an 
inverting amplifier with a voltage gain of 
R; 

R 


i 


Aa =- 


The output coupling capacitor blocks the DC voltage at the op-amp output from 
the load, R,. The bypass capacitor placed at the noninverting input of the op amp 
reduces any power supply noise at this point. 

The peak positive output voltage from the op amp in Fig. 34-15 is about 2 V less 
than the value of Voc, which is +13 V in this case. The minimum positive output 
voltage is usually about 2 V. 


Figure 34-15 Single supply operation of an op amp. 
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R,=1kQ Re = 10 kQ 


R, = 100 kQ 
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Example 34-11 


In Fig. 34-15, calculate the closed-loop voltage gain, A,,, and the DC voltage 
at the op-amp output terminal. 


ANSWER The voltage gain is calculated as 


=-10 


The DC voltage at the op-amp output terminal equals the DC voltage at the 
noninverting input, calculated as 


R, 
Vin = BER 1S 


_ 10 KQ 
~ 10kQ4+ 10kQ 
=75 V 


x15 V 


where V_,, represents the DC voltage at the noninverting input terminal. 


E 34-3 Self-Review 
Answers at the end of the chapter. 


a. What is the phase relationship between V, and Vu 
amplifier? 

b. How does negative feedback affect the output impedance of a 
noninverting amplifier? 

c. How is fẹ related to Ao? 


in an inverting 


34—4 Popular Op-Amp Circuits 


Op amps are used in a wide variety of applications in today’s electronics industry. 
Because op amps are used in so many different ways, it is not possible to cover all 
of the different circuits in this section. However, this section describes in detail 
some of the more popular op-amp circuits. 


The Summing Amplifier 


The circuit shown in Fig. 34-16 is called a summing amplifier, or summer. When 
R, =R, = R; = Rp, the output voltage, V w» equals the negative sum of the input volt- 
ages. Because the right ends of resistors R,, R,, and R, are at virtual ground, the 
input currents are calculated as 


oe 
V, 
L=% 
V; 
L=% 
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Figure 34-16 Summing amplifier. 


Re =1kQ 


V =+V 


V>=-5V 


V3=+3V 


Because the inverting input has zero current, all of the input currents combine to 
flow through the feedback resistor, R,. Because R, = R, = R, = Rp, the voltage gain 
of the circuit is one and the output voltage is 


Vox = -(V, F V, T V3) (34-20) 


Note that additional input resistors can be added to the circuit in Fig. 34-16 if 
necessary. It is possible to do this because the inverting input is at virtual ground. 
Thus, all inputs are effectively isolated from each other. Each input sees its own 
input resistance and nothing else. 

If each input voltage is amplified by a different amount, then the output voltage 
will equal the negative of the amplified sum of the inputs. When the voltage gain is 
different for each input, the formula for the output voltage becomes 


R R R 
Vin =- 5 Vi + V + HV. 34-21) 
oul R, 1 R, 2. R, 3 ( 

Technically, when each input voltage is amplified by a different factor, the circuit 
is called a scaling or weighted amplifier. Formula (34-21) corresponds to a circuit 
with only three inputs, but the formula could be expanded to handle any number of 
inputs. 


Example 34-12 


In Fig. 34-16, calculate the output voltage, Vu 
ANSWER Since all resistors are equal, the output voltage can be found by 
using Formula (34-20): 


Vin = —-(V, + V, + V3) 
=-(1V-5V+3V) 
= -(-1 V) 
=1V 
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Example 34-13 


Calculate the output voltage, V, 


out? 


in Fig. 34-17. 


Figure 33-17 Scaling amplifier. 


R; = 10 KQ 


V,=0.5V 


V,>=-2V 


ANSWER Since the voltage gain is different for each input, use 
Formula (34-21). The calculations are 


V, 


ol 


Rg Ry 
TE A RY 


—_|10kQ 10kQ V 
= Tk XOS V tas pq *% 2”) 


=-(5V-8V) 
=1+3V 


Differential Amplifiers 


Figure 34-18 shows an op-amp differential amplifier. Differential amplifiers are 
circuits that can amplify differential input signals but reject or attenuate common- 
mode input signals. Differential amplifiers are typically found in instrumentation 
and industrial applications. Differential amplifiers are often used in conjunction 
with resistive bridge circuits where the output from the bridge serves as the input to 
the op-amp differential amplifier. 

To derive a formula for the output voltage, V u 
Begin by shorting the input Vy. 

Then the formula for the output voltage becomes 

Ry 


use the superposition theorem. 


Vout = a Vx (Vy is shorted) 
When the input V, is shorted, the amplifier is noninverting, with an output 
voltage of 
R R.+R 
V, m TaN (Vx is shorted) 


out = R, + R, R, 
Since R, = R, and R, = R,, then, 


va Rey Ret R, 
oR +R. R 
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Figure 34-18 Differential amplifier. 


Note: R, = R, 
R-=R3 
R,=1kQ Re =10 kQ 


Vx 


W 


R, =100 kQ 


which reduces to 


R 
Voi = R x Vy 


The output voltage is found by combining the results: 


Von = TEV, + SEV, 
out R, X R, Y 
Rg 
or Vus -R Vx — Vy) (34-22) 


Note that if Vx = Vy, then the output voltage will be zero. This circuit will 
amplify only the difference in voltage that exists between the inputs Vx and Vy. 


Example 34-14 


In Fig. 34-18, calculate the output voltage, V w 1f (a) Vx = 1 Vpc and 
Vy = —0.25 Vbo (b) Vx = —0.5 Vpc and Vy = +0.5 Vic, (€) Vx = 0.3 V and 
V = 0.3 V. 


ANSWER For each case, use Formula (34—22), where 


then (a) Viy,=—10 (Vx - Vy) 
=-10[1 V -(-0.25 V)] 
=-—10 x 1.25 V 
=-12.5V 


(b) V,,, = —10 (-0.5 V - 0.5 V) 
= —10(-1) 

+10 V 

(c) Vi, = —10 (0.3 V — 0.3 V) 


-10x0 
=0V 
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Op-Amp Instrumentation Circuit 


Figure 34-19 shows a differential amplifier that uses three op amps A,, A,, and A}. 
The output voltage from the bridge is the input to the differential amplifier. Notice 
in Fig. 34-19 that there are three main parts to the circuit: the bridge circuit on the 
left, the buffer stage in the middle, and the differential amplifier on the right. 

In the bridge circuit, R, is a thermistor with a positive temperature coefficient 
(PTC). Its value equals 5 kQ at room temperature, which is considered 25°C. At 
room temperature, R, is adjusted to provide balance, which implies that V, = Vy, 
and Vy — Vy = 0 V. The voltages Vx and Vy are applied to the voltage followers in 
the buffer stage. Since a voltage follower has a closed-loop gain, Ag,, of one (or 
unity), the voltage at point A equals Vy and the voltage at point B equals Vy. Because 
of this, the voltage output in Fig. 34-19 is 

Ry 
Va = -R Vx- W) 

The main purpose of the voltage followers A, and A, is to isolate the bridge cir- 
cuit resistances from the differential amplifier input. Remember, a voltage follower 
has nearly infinite input impedance and almost zero output impedance. 

Here is how the circuit in Fig. 34—19 works: Assume that the bridge has been 
balanced at room temperature. Therefore, at this temperature, Vg — Vy = 0, and 
Vou = 0 Voc. Assume now that the ambient or surrounding temperature increases 
above 25°C. This causes the resistance, Rp, of the thermistor to increase above 5 KQ, 
which in turn causes the voltage, Vy, to become increasingly more positive. Since Vx 
remains constant, the voltage Vy — Vy becomes negative. Since the differential 
amplifier has a gain equal to —R,,/R,, the output voltage becomes positive. 

Assume now that the ambient temperature drops below 25°C. This causes the 
resistance of the thermistor to decrease, which means that the voltage, Vy, becomes 


Figure 34-19 Op-amp instrumentation amplifier. 
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Bridge circuit 


Rp = 5 KQ at room temp 
(25°C) 


Buffer stage Differential amplifier 


out 
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above the cutoff frequency is 

12 dB/octave which corresponds 
to 40 dB/decade. 
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less positive. Since V, does not change, the voltage V — Vy is a positive quantity. 
Since the gain of the differential amplifier is negative, the output voltage is negative. 


Example 34-15 


In Fig. 34-19, assume that R, increases to 7.5 kQ due to an increase in the 
ambient temperature. Calculate the output of the differential amplifier. Note: 
Rg = 5 KQ. 


ANSWER Begin by calculating the voltages Vy and Vy. Since R, = Rp, then 
Vx is 


= 75% 
=5k0}75kQ V 


= 3 Vic 


Next, calculate Vy — Vy, which is effectively the input voltage applied to the 
differential amplifier, A,: 


V; — Vy =2.5V-3.0V 


= —0.5 V 
Next, calculate the output voltage, Vw: 
R 
Vou = -5 (Vx — V. 
out R, ( X y) 

= —10kQ = 

= ec (2.5 V — 3.0 V) 

=—10x(-0.5 V) 

=+5V 


Active Filters 


An active filter is one that uses active components or devices such as transistors and 
op amps, that can amplify. A passive filter is one that uses only passive components 
such as inductors, capacitors, and resistors. 

A first-order filter is one that uses one resistor and one reactive component, 
which is either an inductor or capacitor. A second-order filter is one that uses two 
resistors and two reactive components. 


Active Low-Pass Filter 


Figure 34—20a shows a first-order, active low-pass filter. Notice that a capacitor is 
placed in parallel with the feedback resistor, R,. This capacitor is identified as C,. At 
low frequencies, the capacitor has an extremely high capacitive reactance. There- 
fore, at low frequencies the circuit acts as an inverting amplifier with a voltage gain 
of —R,/R,. At higher frequencies, the capacitive reactance of C, decreases. This 
causes the voltage gain to decrease due to the increased amount of negative 
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Figure 34-20 First-order, active low-pass filter. (a) Circuit. (b) Graph of A,, versus frequency. 
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Ac 


Acumax) 


0.707A 
‘CL(max) 6 dB/octave 


20 dB/decade 


Frequency 


(b) 


feedback. At extremely high frequencies, X, equals almost zero ohms and the volt- 
age gain approaches zero. 

When Xe, = Rp, the voltage gain equals 70.7% of its midband value. This is the 
cutoff frequency, designated f.: 


ae = 
"TRG (34-23) 
The voltage gain for any frequency is calculated as 
Ay = e (34-24) 
Xo. R 
where Z,= == 


VR + Xo, 

Above the cutoff frequency, f., the voltage gain decreases at the rate of 6 dB/ 
octave or 20 dB/decade. Figure 34—20b shows the frequency response curve for the 
circuit of Fig. 34—20a. In many cases, the voltage gain is specified in decibels. Then 
Formula (34-25) is used: 

Acua = 20 log a (34-25) 
where Aap) is the voltage gain in decibels. 

The cutoff frequency, f., can be varied by adjusting the value of C,. This, how- 
ever, will not affect the passband voltage gain of the filter. The voltage gain, Açı, can 
be adjusted by varying R,. Adjusting the input resistor, R, will not affect the cutoff 
frequency, f.. 


Example 34-16 


In Fig. 34-20, calculate the cutoff frequency, f.. 


ANSWER Using Formula (34-23), the calculations are 


= 1 
© QAR, Cp 


_ 1 
~ 2x 3.141 x 10 KQ x 0.01 uF 
= 1.591 kHz 
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In Fig. 34-20, calculate the voltage gain, Acı, at (a) 0 Hz and (b) 1 MHz. 


ANSWER (a) At0 Hz, Xc, % co Q. Therefore, the voltage gain is 
Ry 


Aa =- 


R, 

~ TkQ- 
=-10 

(b) At 1 MHz, Xo, is 


“2x 3.141 x | MHz x 0.01 „F 
=159Q 
Next, calculate Zy: 
z, = 15.92.x 10 kO 
V10 K + 15.9 Q? 
_ 159 kQ 
10 kQ 
=15.9Q 


Next, calculate Aœ using Formula (34-24): 


Lp 

cma 2 
__ 15.90 

~ 1kQ 


= —0.0159 


Example 34-18 


Calculate the dB voltage gain in Fig. 34-20 at (a) 0 Hz and (b) 1.591 kHz. 
ANSWER (a) At 0 Hz, Xc, © œ Q, and therefore Z; = Rp- 


R 
Acua = 20 log K 


= 20 log PES 


=20x1 
= 20 dB 
(b) The frequency 1.591 kHz is the cutoff frequency, f.. At this 
frequency, Z; = 0.707 and R, = 0.707 x 10 KQ = 7.07 KQ. Therefore, 
Acua = 20 log a 

_ 7.07 KQ 
= 20 log TKQ 
= 20 x 0.85 
= 17 dB 


Notice that Ac, is down 3 dB from its passband value of 20 dB. 
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Figure 34-21 First-order, active high-pass filter. (a) Circuit. (b) Graph of A,, versus 
frequency. 


Re =10 kQ 


C, = 0.1 pF R,=1kQ 


Aa 
Actmax) 


0.707 Aci imax) 


6 dB/octave 
20 dB/decade 


Frequency 


(b) 


Active High-Pass Filter 


Figure 34—21a shows a first-order, active high-pass filter, and Fig. 34—21b shows its 
frequency response curve. At high frequencies, X,, ~ 0 Q and the voltage gain, Ac, 
equals —R,/R,. At very low frequencies, however, Xc, © co Q and the voltage gain, 
Aq, approaches zero. The cutoff frequency, f., is given by Formula (34-26): 
= d = 
f= TRC (34-26) 
At f., the voltage gain, Ac, is at 70.7% of its midband value. 
The voltage gain, Açı, for any frequency is 
Ry 
Z 
where Z, = yR? + X,’. 
The dB voltage gain is calculated from Formula (34-28): 


Aa =- (34-27) 


Acua) = 20 log - (34-28) 
The cutoff frequency, f., can be varied by adjusting the capacitor, C,. However, 
this will have no effect on the passband voltage gain, A,,. The voltage gain can be 
adjusted by varying R,. This will have no effect on the cutoff frequency, f.. 
Note that the voltage gain, Aq, decreases at the rate of 6 dB/octave or 20 dB/ 
decade below the cutoff frequency, f.. 
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Example 34-19 


In Fig. 34-21, calculate the cutoff frequency, f.. 


ANSWER Using Formula (34-26), the calculations are 


= I 
fe= TRC 
_ 1 
~ 2x 3.141 x 1 KQ x 0.1 uF 
= 1.591 kHz 


Voltage-to-Current and Current-to-Voltage 
Converters 


Voltage-to-Current Converter 


In some cases, it is necessary to have a constant load current that is not affected 
by changes in the load resistance, R,. If the load doesn’t have to be grounded, it 
can be placed in the feedback path. Figure 34—22 shows a voltage-to-current con- 
verter. Because the differential input voltage, V,,, equals zero, V, appears across 
the resistor, R, connected from the op amp’s inverting input to ground. The output 
current, Zu 18 


> “out? 


La = (34-29) 


Notice that the output current is determined by the value of V, and the resistance 
of R. Notice that the value of R, does not affect the output current! 

Because V,, is connected to the noninverting input of the op amp, the input 
impedance seen by the source, V,,, approaches infinity. Therefore, Zac © œ% Q. 


in? 


Example 34-20 


In Fig. 34-22, Va = 5 V, R= 1 KQ, and R, = 100 Q. Calculate the output 
current, 7, 


> “ out" 


ANSWER R, will not affect the output current. To calculate /,,,, use 
Formula (34-29): 


V, 


Iu =e 
_5V 
1kQ 
=5mA 


Note that Z „ remains the same, even if R, is reduced to zero ohms. Because 
Lx i8 not affected by the value of R,, the circuit acts as a constant current source 


with infinite internal resistance. Therefore, Zu % oo Q. 
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Figure 34-22  Voltage-to-current converter. 


Current-to-Voltage Converter 


Figure 34-23 shows a current-to-voltage converter. The circuit is driven by a current 
source, J. Since the inverting input of the op amp is at virtual ground, all of the 
input current flows through the feedback resistor, R. The output voltage V w is cal- 
culated as 


Vout = In x R (34-30) 


The output voltage is not affected by the value of load resistance, R,, because the 
output impedance, Zc» is approximately zero ohms. 


Example 34-21 


In Fig. 34-23, In = 1.5 mA, R = 1 kQ, and R, = 10 KQ. Calculate V, 


> *in out’ 


ANSWER The value of R, will not affect the output voltage. To calculate 


Vw Use Formula (34-30): 
Vaii z Ia x R 
=15mAx1kQ 
=15V 


Figure 34-23 Current-to-voltage converter. 
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Figure 34-24 Op-amp comparator. (a) Circuit. (b) Transfer characteristic. 


GOOD TO KNOW 


The output of a comparator can 
be characterized as digital in the 
sense that the output is always at 


either +V. 


sat* 


+Vec 


(a) 


Comparators 


A comparator is a circuit that compares the signal voltage on one input with a refer- 
ence voltage on the other. An op-amp comparator is shown in Fig. 34—24a. Notice 
that the circuit does not use any feedback resistors. As a result, the op amp is run- 
ning in the open-loop mode with a voltage gain equal to Ay). 

In Fig. 34—24a, the inverting input of the op amp is grounded while the input 
signal is applied to the noninverting input. The comparator compares V, to the zero 
volt reference on the inverting input. When V, is positive, V „is driven to +V pe 
When V, is negative, V „is driven to —V,,,. Usually, +V „is within a couple of volts 
of Voc. 

Because the op amp has an extremely high open-loop voltage gain (Ayo, ), even 
the slightest input voltage produces an output of +V „ Figure 34-24b shows the 


sat 
transfer characteristic for the comparator. Notice that the output switches to +V,,, if 
n Is positive, and to —V,,, if Vp is negative. Because the output voltage switches 
when V, crosses zero, the circuit is sometimes called a zero-crossing detector. 
In some cases, the noninverting input of the op amp is grounded, and the signal 
is applied to the inverting input. If so, the output switches to +V „when V,, is nega- 
tive, and to —V,,, when V, is positive. 


sat 


Shifting the Reference Point 


Figure 34—25a shows a comparator that uses a reference voltage other than zero. In 
this case, the reference voltage, V p equals +5 V. When V, exceeds +5 V, V, 


ref? in out 


Figure 34-25 Comparator with +5 V reference. (a) Circuit. (b) Transfer characteristic. 
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(b) 
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Figure 34-26 Schmitt trigger. (a) Circuit. (b) Transfer characteristic. 
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+V, 


sat 


When V. 


in 


switches to +V. 


sat" 


drops below +5 V, V „ switches to —V „ The transfer 


sat" 


characteristic is shown in Fig. 34-25b. In fact, V „can be either positive or negative. 
The reference voltage is usually obtained by attaching a resistive voltage divider to 
either +V,,. or — Voc. In some cases, it may even be desirable to have an adjustment 


that allows the reference voltage to vary. 


The Schmitt Trigger 


Because the op-amp comparator is so sensitive, the output may switch back and 
forth erratically between +V,,, and —V,,, when V, is near the reference voltage, Vp 
The reason that the comparator output switches erratically between +V „ and —V,,, 
is that the input signal usually contains some noise. 

To eliminate the erratic operation, use the Schmitt trigger, shown in Fig. 34—26a. 
A Schmitt trigger is an op-amp comparator that uses positive feedback. R, and R, 
provide the positive feedback. When V u = +V,,,, a positive voltage appears at the 
noninverting input. Likewise, when V u = —V,,,. a negative voltage appears at the 


noninverting input. The feedback fraction, usually specified as /, indicates the frac- 
tion of output voltage fed back to the noninverting input. J equals 


p= E (34-31) 
The upper threshold point, designated UTP, is 

UTP = +PV u (34-32) 
The lower threshold point, designated LTP, equals 

LTP = —PV x (34-33) 


The output of the Schmitt trigger will remain in its present state until the input 
voltage exceeds the reference or threshold voltage for that state. This is best described 
by viewing the transfer characteristic shown in Fig. 34-26b. Assume that V u = 
+V,« The input voltage must exceed the value of +V „ (UTP) to switch the output 
to its opposite state, which would be —V,,,. The output remains at — V „ until V, goes 
more negative than —fV,,, (LTP). 

The difference between the upper and lower threshold points is called the 
hysterisis voltage, designated V4. V,, is calculated as 


Va = UTP — LIP (34-34) 
= HPV in a PV 
= 2p Vaai 
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If the peak-to-peak value of noise voltage is less than the hysterisis voltage, V,,, 
there is no way the output can switch states. Because of this, a Schmitt trigger can 
be designed so that it is immune to erratic triggering caused by noise. 


Example 34-22 


In Fig. 34-26, R, = 1 kQ and R, = 100 kQ. Calculate UTP, LTP, and Vy. 


ANSWER Since +V., = 15 V, assume that +V „= +13 V. To calculate the 


— © sat 


threshold voltages, UTP and LTP, calculate the feedback fraction, /: 
R, 
pa R +R, 
= 1kQ 
1 KQ + 100 KQ 
= 0.0099 


Knowing f, calculate UTP and LTP as follows: 


UTP = +BV, 
= 0.0099 x 13 V 
= 128.7 mV 


LTP al —BV oct 
= 0.0099 x 13 V 
= —128.7 mV 


The hysterisis voltage is calculated as 


V,, = UTP — LTP 
= 128.7 mV — (-128.7 mV) 
= 257.4mV 


Op-Amp Diode Circuits 


Op amps can be used with diodes to rectify signals with peak values in the millivolt 
region. A conventional diode cannot do this by itself because it requires a larger 
voltage to turn on. A silicon diode requires about 0.7 V and a germanium diode 
requires 0.3 V. 

Figure 34-27 shows a precision half-wave rectifier. This circuit is capable of 
rectifying signals having peak values in the millivolt region. Here is how it works: 


Figure 34-27 Precision half-wave rectifier. 


Ayo, = 100,000 
V, = +100 mV 


+100 mV 
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When V, goes positive, the output of the op amp also goes positive. The diode will 
turn on when the output of the op amp equals 0.7 V. The amount of input voltage 
required to obtain 0.7 V at the op-amp output is 


0.7 V 
Va Avon 
__0.7V 
100,000 
=7y"V 


When the input voltage exceeds 7 pV, the diode conducts and the circuit acts as 
a voltage follower. Then the output voltage follows the input. The op amp effectively 
reduces the diode turn-on voltage by a factor equal to Ayo,. 

When V,, goes negative, so does the op-amp output. This turns off the diode, and 
so the output voltage equals zero volts. Notice that the output voltage is a series of 
positive pulses that have a peak value equal to Vapo.: Whenever it is necessary to 
rectify lower amplitude signals, a precision rectifier can do the job. Reversing the 
connection of the diode will produce a series of negative pulses at the output. 


Precision Peak Detector 


To peak-detect very low level signals, add a capacitor to the output of the precision 
half-wave rectifier. Figure 34-28 shows a precision peak detector. The output from 
the precision peak detector is a DC voltage whose value is equal to the positive peak 
of the input voltage. When V,, goes positive, the diode conducts and charges the 
capacitor at the output to the peak positive value of input voltage. 

When V,, goes negative, the diode is off and the capacitor discharges through the 
load, R,. The discharge time constant, R, C, must be 


R,C>10T 


where T is the period of the input waveform. To obtain a negative output voltage, 
reverse the diode. 


Example 34-23 


In Fig. 34-28, R, = 1 KQ and the frequency of the input voltage equals 100 Hz. 
Calculate the minimum value of C required. 


ANSWER The period T equals 
T= 


Sl 


Beal. 


100 Hz 
= 10ms 


Next transpose the formula R, C = 10T: 
— 10T 
C= R, 
— 10 x 10 ms 
1 kQ 
= 100 uF 


Using a C value larger than 100 „F improves the operation of the precision 
peak detector. 
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Figure 34-28 Precision peak detector. 


Ayo. = 100,000 


+100 mV 


Vout = 100 mV 


E 34-4 Self-Review 


Answers at the end of the chapter. 


a. Ina first-order, active high-pass filter, what is the rate of rolloff 
below the cutoff frequency? 

b. In a summing amplifier, what isolates the inputs from each other? 

c. 


What benefit does positive feedback provide in a Schmitt trigger? 
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Summary 


The first stage of every op ampisa 
differential amplifier. 


amplifier has two 
(—) input anda 
put. 


ifferentia 
inputs, an invertin 


g 
noninverting (+) in 


ifferential amplifier amplifies the 
difference between its two input 

signals. 
Adi 
severely attenuates signals that are 


ferential amplifier rejects or 


common to both inputs. 


The common-mode rejection ratio 
(CMRR) is defined as the ratio of 
differential voltage gain, A4, to 
common-mode voltage gain, A cy. 
Op amps are high gain, direct- 
coupled, differential amplifiers. 
The open-loop voltage gain of an 
op amp is its voltage gain without 
negative feedback. 


When the output voltage of an 
op amp lies between +V the 


differential input voltage, V4, is so 
small it can be considered zero. 


The open-loop cutoff frequency is 
the frequency where the open-loop 
voltage gain of an op amp is down 
to 70.7% of its maximum value 


at DC. 


The frequency where the open-loop 
voltage gain equals one is called 
Janiye 

The slew-rate specification of an 

op amp indicates how fast the 
output voltage can change. The slew 
rate is specified in V/ys. 


The slew-rate distortion of a sine 
wave makes the output waveform 


appear triangular. 


Most op-amp circuits use negative 
feedback. With negative feedback, a 
portion of the output signal is fed 
back, 180° out of phase, to oppose 
the input signal. 


Negative feedback stabilizes the 
voltage gain of an amplifier and 
improves the bandwidth and input 
and output impedances. 

An inverting amplifier has a voltage 
gain, Ac of —R-/R,. The minus sign 
indicates that V, and V „are 180° 
out of phase. 


A noninverting amplifier has a 
voltage gain, A «of R/R + 1. 

A voltage follower is a noninverting 
amplifier with a voltage gain of one 
or unity. 


An op-amp summing amplifier is a 
circuit whose output voltage is the 
negative sum of the input voltages. 


An op-amp differential amplifier is a 
circuit that amplifies the difference 
between two input voltages whose 
values may be several volts or more. 


An active filter uses an op amp to 
provide voltage gain in addition to 


filtering. 


A first-order, active filter uses only 
one reactive component. The output 
voltage of a first-order, active filter 
rolls off at the rate of 6 dB/octave 
beyond the cutoff frequency. 


An op-amp comparator is a circuit 
that compares the signal voltage on 
one input with a reference voltage 
on the other. A comparator uses no 
negative feedback and its output 
voltage is at either +V, 


sat” 


A Schmitt trigger is an op-amp 
comparator that uses positive 
feedback to eliminate the erratic 
operation caused by undesired noise. 


Op amps are often used in 
conjunction with diodes to rectify 
and filter small signals in the 
millivolt region. 


Important Terms 


has a phase that opposes the input 
signal. 


Active filter — a filter that uses 
components or devices, such as 
transistors and op amps, that can 
amplify. 


Comparator — a circuit that compares 
the signal voltage on one input with a 


reference voltage on the other. 


Negative saturation voltage, —V.,, — the 


sat 


lower limit of output voltage of 
an op amp. 


Differential input voltage, V,, — the 
voltage difference between the two 
inputs applied to a differential 
amplifier. 


Closed-loop cutoff frequency, fe, — the 
frequency at which the closed-loop 
voltage gain of an op amp decreases 
to 70.7% of its maximum. 


Open-loop cutoff frequency, fo, — the 
frequency at which the open-loop 
Differential voltage gain, A, — the ratio voltage gain of an op amp is down to 

of output voltage, V.» to differential 70.7% of its maximum value at DC. 


Closed-loop voltage gain, A a — the E 
input voltage, V4. 


voltage gain of an amplifier with 


Open-loop voltage gain, Ayo, — the 
negative feedback. P P geg voL 


Fonity — the frequency where the open- voltage gain of an op amp without 
oop voltage gain, Ayo, of an op amp negative feedback. 
equals one or unity. 


Common-mode input — an identical 
voltage appearing on both inputs of a 
differential amplifier. 


Operational amplifier (op amp) — a 
high-gain, direct-coupled, differential 


nput bias current, /, — the average of 


Common-mode rejection ratio the two op-amp input currents /,,. amplifier. 
(CMRR) — the ratio of differential and lg. Positive saturation voltage, +V.,, — the 
voltage gain, Aa, to Common mode nput offset current, /,. — the difference upper limit of output voltage of an 
voltage gain, A cm. CMRR is usually between the two input bias currents op amp. 


given in decibels. In, and Jam 


Power bandwidth Q) — the highest 
undistorted frequency out of an 


op amp without slew-rate distortion. 


Common-mode voltage gain, A cem — the 
voltage gain of a differential amplifier 
for a common-mode signal. 


oO 


gative feedback — a form of amplifier 
feedback where the returning signal 
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Schmitt trigger — an op-amp comparator 
that uses positive feedback. 


Slew rate, Sz — an op-amp specification 
indicating the maximum rate at which 
the output voltage can change. S} is 


specified in V/ps. 


Slew-rate distortion — a distortion in op 
amps when the rate of change in 
output voltage exceeds the slew-rate 
specification of the op amp. 


Related Formulas 


Differential Amplifier 
Vou =A — V2) 


L= Vee = Vor 
1 E 

f Vee = Voe 
E 2R- 

Ve = Vee = eRe 


R- 
A= TA (Signal Applied to Noninverting Input) 


Ay=—R/2r. (Signal Applied to Inverting Input) 


R 
Vout = =, =V) 


A cm = R/2R; 
A 

CMRR = -+ 
Acm 


CMRR(AB) = 20 log (Ay/Acny) 


Op-Amp Specifications 


ls | + |e | 
~ 2 


los = [ex | = |s- | 


Snax = SR 2AV y 


lg 


Inverting Amplifier 
Aa = —R/R, 
Z, =F; 
Z me Zaub 
out(CL) T# Avo. B 
R 
PERER, 


Noninverting Amplifier 
R 
A= Rt] 


Zacco =R, + Avo P) 
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Summing amplifier — an amplifier 
whose output voltage equals the 
negative sum of the input voltages. 


impedance. Voltage followers are also 
known as unity-gain amplifiers, buffer 
amplifiers, and isolation amplifiers. 


Tail current, /; — the DC current in the Zero-crossing detector — an op-amp 


emitter resistor of a differential 


comparator whose output voltage 


amplifier. switches to either +V_., when the 


Voltage follower — an op-amp circuit 
with unity voltage gain. A voltage 
follower has very high input 
impedance and very low output 


Z 


Z z out(OL) 
cD TTEA B 


unity 


MT AE 


Summing Amplifier 
Vour = —CV, + V + V5) 
R R R 


Vou = — RM + RM + RY 


Differential Amplifier 
R; 
V -R M =v) 


out T 
Active Filters 
Je=1/27mR;C; 
Ay = —Z;/R, 


Z 
Ac (dB) = 20 log F 


fe = 1/2nRG 
Ac, =—R-/Z, 


R 
Ac (dB) = 20 log Z 


Voltage-to-Current Converter 
la =V/R 


Current-to-Voltage Converter 
Vour = lig XR 


out 


Schmitt Trigger 
Ry 
f= R, +R, 
UTP = pV. 
LTP = —pV, 
Vi, = 22V, 


at 


at 


(R, =R, =R =R) 


— * sat 


Low-Pass) 


Low-Pass) 


Low-Pass) 


igh-Pass) 


igh-Pass) 


igh-Pass) 


input voltage crosses through zero. 
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Self-Test 


Answers at the back of the book. 


1. The input stage of every op amp 


isa 

a. differential amplifier. 

b. push-pull amplifier. 

c. common-base amplifier. 


d. none of the above. 


. The DC emitter current in each 
transistor of a differential amplifier 
equals 


a. the tail current, h. 
b. twice the tail current. 
c. one-half the tail current. 


d. zero. 


. Adifferential amplifier has an A, of 
100 and an Acu of 0.1. What is its 
CMRR in dB? 


a. 1000 dB. 
b. 60 dB. 
c. 30 dB. 


d. It cannot be determined. 


. The output stage of a 741 op amp 
isa 
a. differential amplifier. 
b. common-base amplifier. 
c. common-emitter amplifier. 


d. push-pull amplifier. 


. Atypical value of open-loop voltage 
gain for a 741 op amp is 


a. 100. 
b.0.5. 
c. 200,000. 


d. none of the above. 


. When the inverting (—) input of an 
op amp is positive with respect to its 
noninverting (++) input, the output 
voltage is 


a. negative. 
b. positive. 
c. zero. 


d. none of the above. 


. If an op amp has an open-loop 
voltage gain of 100,000, what is the 
voltage gain at the open-loop cutoff 
frequency? 


a. 100,000. 
b. 70,700. 
c. 141,400. 


d. none of the above. 
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8. 


10. 


11 


12. 


13. 


14. 


The slew-rate specification of an op 
amp is the 


a. maximum value of positive or 
negative output voltage. 


b. maximum rate at which its output 
voltage can change. 


c. attenuation against a common- 
mode signal. 


d. frequency where the voltage gain 
is one or unity. 


. In an inverting amplifier, the input 


and output voltages are 
a. in phase. 

b. 90° out of phase. 

c. 180° out of phase. 

d. 360° out of phase. 


In an inverting amplifier, a virtual 
ground 


a. is no different from an ordinary 
ground. 


b. can sink a lot of current. 


c. usually has a significant voltage 
drop. 


d. has the same potential as ground, 
yet it can sink no current. 


. The input impedance of an 


inverting amplifier is 
approximately equal to 
a.R. 

b. zero. 

c. infinity 

d. R; 


A noninverting amplifier has a 
15-kQ R; and a 1.2-kQ R,. How 
much is its closed-loop voltage 
gain, Aa? 


a 125; 
b:=125. 
c 135. 
d. 9. 


A voltage follower has a 

a. high input impedance. 

b. low output impedance. 
c. voltage gain of one. 

d. all of the above. 


An op-amp circuit has a closed-loop 
voltage gain of 50. If the op amp has 
an fni Of 15 MHz, what is the closed- 
loop cutoff frequency? 


a. 30 kHz. 
b. 300 kHz. 


15. 


16. 


17. 


18. 


19. 


20. 


c. 750 MHz. 
d. 750 kHz. 


When an op-amp circuit uses a 
single supply voltage, the DC output 
voltage from the op amp should be 
equal to 


a. 1/2 Vec. 
b. Vecs 
c. zero. 


d. 0.1 Voc. 


In an op-amp summing amplifier, the 
inputs are effectively isolated from 
each other because of the 


a. low output impedance of the 
op amp. 


b. feedback resistor. 
c. virtual ground. 


d. none of the above. 


For a first-order, active low-pass 
filter, how fast does the output 
voltage roll off above the cutoff 
frequency? 


a. 6 dB/decade. 
b. 20 dB/decade. 
c. 6 dB/octave. 
d. both b and c. 


An op-amp comparator that uses 
positive feedback is known as a 


a. zero-crossing detector. 
b. Schmitt trigger. 
c. peak detector. 


d. voltage follower. 


A comparator never uses 
positive feedback. 


a. 
b. an input signal. 


oO 


. negative feedback. 


d. none of the above. 


In a voltage-to-current converter, 
the output current is not affected 
by 

a. the load resistance value. 

b. the input voltage. 


c. the resistance, R, across which the 
input voltage is present. 


d. none of the above. 
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Essay Questions 


1. What type of circuit is used for the input stage of an 
op amp? 

2. What is a common-mode signal? 

3. What is the common-mode rejection ratio and how is it 
usually specified? 

4. Whatis slew-rate distortion and how can it be prevented? 

5. What are the advantages of using negative feedback 
with an amplifier? 


Problems 


SECTION 34-1 DIFFERENTIAL AMPLIFIERS 
34-1 In Fig. 34—29, solve for the following DC quantities: 
a. h. 

b. lę for each transistor. 


c. Ve at the collector of Q,. 


Figure 34-29 


4+Vec = 12 V 


-Væ = 12 V 


34-2 If both transistors have a pc of 200 in Fig. 34-29, 
then calculate 
a. the base current, lg, for each transistor. 
b. the DC base voltage for each transistor. 

34-3 In Fig. 34—29, which transistor base serves as the 
a. inverting input? 
b. noninverting input? 
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34-4 


34-5 


When and where would you use a voltage follower? 


What is meant by the closed-loop gain-bandwidth 
product? 


Explain the concept called virtual ground. 


How does an active filter differ from a passive filter? 


Why is a Schmitt trigger immune to erratic triggering 
caused by noise? 


In Fig. 34—29, how much is the 

a. differential voltage gain, A4? 

b. common-mode voltage gain, Acem? 

c. CMRR? 

d. CMRR (dB)? 

In Fig. 34—30, solve for the following DC quantities: 
a. h. 

b. lę for each transistor. 


Cc 


. V- at the collector of Q». 


Figure 34-30 


34-6 


+Voc=18 V 


Ro = 150 kQ 


ut 


io 


Re = 150 KQ 


-V = 18 V 


In Fig. 34-30, how much is the 


a 
b 
c 


d 


e 


. differential voltage gain, A4? 
. AC output voltage, V,..? 


. common-mode voltage gain, Acem? 


. CMRR? 
. CMRR (dB)? 
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SECTION 34-2 OPERATIONAL AMPLIFIERS AND 
THEIR CHARACTERISTICS 


34-7 What type of circuit is used for the input stage of the 
741 op amp? 


34-8 What type of circuit is used for the output stage of the 
741 op amp? 


34-9 Inthe 741 op amp, what type of coupling is used 
between stages? What advantage does this 
provide? 

34-10 In Fig. 34-31 , calculate the output voltage, V, for 

each of the following values of V, and V,. Be sure to 

denote the proper polarity of the output voltage. 


a. V, = 100 mV, V, = 100.05 mV. 
b. V, = 100.05 mV, V, = 100 mV. 


c. V, =—75 pV, V = —100 pV. 
d. V, = 3.01 mV, V, = 3 mV. 
Figure 34-31 


34-11 In Fig. 34-31, assume +V. = 410 V. What value of 


V,, will produce positive or negative saturation? 


34-12 In Fig. 34-31, assume that /,, = 105 nA and 
I, = 85 nA. Calculate 


a. lg- 


b. los- 


34-13 What is the open-loop cutoff frequency, fon, for a 
741 op amp? 


34-14 What is the open-loop voltage gain at fo, for the 
op amp in Fig. 34-31? 


34-15 At what frequency does the open-loop voltage gain of 
a 741 op amp equal one? How is this frequency 
designated? 


34-16 What is the Sẹ of a 741 op amp? 


34-17 Calculate fna for a 741 op amp for each of the 


following peak output voltages: 


a. V, =0.5V. 
b. Vp =1V. 
c. Vy =2V. 
d. V, =5V. 


34-18 What is output short-circuit current of a 741 op amp? 


34-19 What is CMRR in dB for a 741 op amp? 
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SECTION 34-3 OP-AMP CIRCUITS WITH NEGATIVE 
FEEDBACK 
34-20 What type of amplifier is shown in Fig. 34-32? 


Figure 34-32 


Sp = 0.5 Vis 


Ayo = 100,000 or 
p= 


Zaton =75 Q 


o 


f 


unity = 1 MHz 


i| —e 5 


34-21 In Fig. 34-32, what is the phase relationship between 
n and Vo? 


ut 


34-22 What is the approximate value of V,, in Fig. 34—32? 


34-23 In Fig. 34-32, why is point A said to be at virtual 
ground? 


34-24 In Fig. 34-32, solve for the following values: 


d.Z, 


out(CL)* 


34-25 To avoid slew-rate distortion in Fig. 34—32, what is the 
highest allowable frequency of V,,? 


34-26 In Fig. 34-32, calculate Ac, and V, for each of the 


out 


following combinations of values for R, and R.. 
a. R-=12kQ and R = /50Q. 

b. Re = 27 kQ and R = 1.5 kQ. 

c. Re = 100 kQ and R, = 20 kQ. 


34-27 What type of amplifier is shown in Fig. 34-33? 


Figure 34-33 


Rp = 24kQ 


Avo. = 100,000 
R,, = 2MQ 


Zout(oL) =75Q 
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34-28 In Fig. 34-33, what is the phase relationship between 


V,, and Vue? 


ut 


34-29 What is the approximate value for V,, in Fig. 34-33? 


34-30 In Fig. 34-33, how much AC signal voltage would be 


measured at point A? 


34-31 In Fig. 34-33, solve for the following: 
a. Ac. 
BV 
C. Zne: 
d. Zoco: 


34-32 In Fig. 34-33, calculate Acı and V, for each of the 


out 


following combinations for R, and R.. 
a. R= 15 kQ and R= 1 kQ. 

b. R; = 24 kQ and R = 1.5 kQ. 

c. R= 10 kQ and R, = 2 kQ. 


34-33 What type of circuit is shown in Fig. 34-34? 


Figure 34-34 


Ayo. = 100,000 
finiy = 1 MHz 
R,,=2MQ 


ZouoL) =75Q 


34-34 If V,, = 10 V,, in Fig. 34-34, what is V,,,? 


34-35 Calculate the closed-loop cutoff frequency, fe, for the 


values in 
a. Fig. 34-32. 
b. Fig. 34-33. 
c. Fig. 34-34. 
34-36 In Fig. 34—35, how much DC voltage exists at the 


a. noninverting (+) input? 
b. inverting (—) input? 
c. the op-amp output? 
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Figure 34-35 


Cin R,=1kQ Re = 15 kQ 


R, 


34-37 In Fig. 34-35, solve for 
a. Acx 


b. 


out? 


SECTION 34—4 POPULAR OP-AMP CIRCUITS 
34-38 Calculate the output voltage in 


a. Fig. 34-36. 
b. Fig. 34-37. 
Figure 34-36 


Re=1kQ 
R,=1kQ 


34-39 In Fig. 34-38, calculate the output voltage (including 
polarity) for the following values of V, and YW. 


a. V = 1.5V and V = -1 V. 
b. V = —2 V and V, = —1.5 V. 
c. V =8V and V =10V. 

d. V% = 5.5 V and V = 6.25 V. 
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Figure 34-37 


R,=2kQ 
V,=-3V 
Ry =1kQ 
V2 = 41.5 V 
Figure 34-38 
R,=1kQ R =5kQ 
v, 


34-40 Assume that the instrumentation amplifier in Fig. 34-19 
has an output of O V at room temperature (25°C). What 
happens to the output voltage when the temperature 


a. increases above 25°C? 
b. decreases below 25°C? 


34-41 In Fig. 34-19, assume that R, decreases to 3 kQ as a 
result of a decrease in temperature. How much is the 
output voltage? (Note: Rg = 5 kQ.) 


34-42 What type of circuit is shown in Fig. 34—39? 


Figure 34-39 


C; = 0.022 pF 
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R =5KQ 


-15V 


i —e 


34-43 Calculate the cutoff frequency, fe, for the circuit in 
Fig. 34-39. 


34-44 Calculate the dB voltage gain in Fig. 34-39 for the 
following frequencies: 


a. f= O0'Hz. 
b.f. 
c. f= 10 kHz. 


34-45 What type of circuit is shown in Fig. 34—40? 


Figure 34-40 


Rp = 15 kQ 


C,=0.05 pF R,=1kQ 


34-46 Calculate the cutoff frequency, f., in Fig. 34—40. 


34-47 What type of circuit is shown in Fig. 34—41? 


Figure 34-41 
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34-52 In Fig. 34—44, calculate the following (assume +V x = 


34-48 In Fig. 34—41 , calculate the output current, lau for the 
following values of R: +10.2V): 
a. R=10kQ. a. UTP. 
b.R=5kQ. b. LTP. 
c.R=2kQ. c. Vy 
34-49 What type of circuit is shown in Fig. 34-42? 
Figure 34-44 


Figure 34-42 


34-50 In Fig. 34—42, calculate the output voltage, Vu for the 


ollowing values of R: 
a.R=1kQ. 

b. R=1.5 kQ. 
c.R=5kQ. 


Figure 34-45 


34-51 In Fig. 34—43, what value of V,, causes the output to 


pe at +200 mV 


a. HV? ( 
D. — Va? 


Figure 34-43 


+Vec 


4V. 


—" sat 


Answers to Self-Reviews 34-1 a. the DC emitter current in each 
transistor is one-half the tail 
current 

b. the differential voltage gain 


c. approximately 58.1 dB 


34-2 a. a differential amplifier 
b. negative 
c. 318.3 kHz 
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34-53 What type of circuit is shown in Fig. 34—45? 


34-54 What will the output look like in Fig. 34—45? 


+V ee 


34-55 What is the output in Fig. 34—45 if a 100-uF capacitor 
is connected at the output? 


180° 


. it reduces it significantly. 
. Ja is inversely proportional 


to Ag 


6 dB/octave or 20 dB/decade 


. the virtual ground 
. it makes the comparator almost 


immune to erratic triggering 
from noise 
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Laboratory Application Assignment 


In this lab application assignment, you will examine two relatively 
simple op-amp circuits: the inverting and noninverting amplifier. 
In each amplifier circuit you will measure the output voltage, V,,.,,, 
and determine the closed-loop voltage gain, Aq, with different 
amounts of negative feedback. You will also measure the phase 
relationship between V,, and V,,,, in each type of amplifier. 


Equipment: Obtain the following items from your instructor. 
* Dual-output variable dc power supply 
* Oscilloscope 
Function generator 
DMM 
741C op amp 
+ Assortment of carbon-film resistors 


Inverting Amplifier 


Examine the inverting amplifier in Fig. 34—46. Calculate and 
record the closed-loop voltage gain, Ac,, and output voltage, 


Vu for each of the following values of feedback resistance, R,. 
Note that V, = 1 V,- 

R; = 4.7 kQ Aq =—___ Vaea = 

R= 10RD A eS Varep = 

R=I5O ā Aaa ~ ~~ Vu" 

Re = 22O Aana Vore) = 


Construct the inverting amplifier in Fig. 34—46. (The IC pin 
numbers are shown in parentheses.) Set the input voltage, V., to 
exactly 1 V,,. Measure and record the output voltage, V,,.,., for 


each value of R; listed below. Then from your measured values of 


How do your measured and calculated values compare? 


With channel 1 of the oscilloscope connected to the input 
voltage, V,,, and channel 2 connected to the output of the 
op amp, measure and record the phase relationship between 


Vindi TOS 


in out* 


Measure and record the AC voltage at the inverting input (pin 2) 


of the op amp. V; = pp: Explain your measurement. 


Noninverting Amplifier 


Examine the noninverting amplifier in Fig. 34—47. Calculate 
and record the closed-loop voltage gain, Ac, and output 


voltage, V for each of the following values of feedback 
resistance, R,. Note that V,, = 1 Vap: 

Ro Ko Aac Vue» = 
R-=2kQ Aann Vud = 
R=10kK) Aas Vas 

R= Aas Vua 


Construct the noninverting amplifier in Fig. 34—47. (The IC pin 
numbers are shown in parentheses.) Set the input voltage, V,,, to 


exactly 1 V,„. Measure and record the output voltage, V, for 
each value of R, listed below. Then from your measured values of 
Vœ calculate the closed-loop voltage gain, Acu, as V.,,./V,,- 

R-=1 kQ Voue = Neg = 

REPO Vue = fas 

R= 10K Vue» = AaS 

RSKO eS Aa= 


How do your measured and calculated values compare? 


Vout» calculate the closed-loop voltage gain, Ac, as Vyu/ Vn. 

Re = 4.7 kQ Voue) = Aas 

R= 10 Voue) = An = 

R= 15K Vee = a aeea Nw = 

R= 22D Voue) = An = 
Figure 34-46 
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Figure 34-47 


Design credit Multisim: ©Stockbyte/Getty Images 
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With channel 1 of the oscilloscope connected to the input 
voltage, V,,, and channel 2 connected to the output of the 
op amp, measure and record the phase relationship between V,, 


anal Vo = 


out’ 


Measure and record the AC voltage at the noninverting input 
(pin 3) of the op amp. Vy = pp: Next, measure and 
record the AC voltage at the inverting input (pin 2) of the 

op amp. V = _______,. Are these two values the same? 


If yes, explain why. 
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Electrical Symbols 

and Abbreviations 

Table A-1 summarizes the letter symbols used as abbreviations for electrical quan- 

tities and their basic units. All the metric prefixes for multiple and submultiple val- 

ues are listed in Table A-2. In addition, Table A-3 shows electronic symbols from 

the Greek alphabet. 
Table A-1 Electrical Quantities 
Quantity Symbol* Basic Unit 
Current lori ampere (A) 
Charge Qorq coulomb (C) 
Power P watt (W) 
Voltage Vorv volt (V) 
Resistance R ohm (Q) 
Reactance X ohm (Q) 
Impedance Z ohm (Q) 
Conductance G siemens (S) 
Admittance Y siemens (S) 
Susceptance B siemens (S) 
Capacitance G farad (F) 
Inductance Ik henry (H) 
Frequency F hertz (Hz) 
Period m second (s) 

* Capital letters for Z, Q, and V are generally used for peak, rms, or DC values, whereas small letters are used for 

instantaneous values. Small r and g are also used for internal values, such as r, for the internal resistance of a 

battery and g,, for the transconductance of a JEET or MOSFET. 
o ð = o o o o > = o 

o © 46° 
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Table A-2 Multiples and Submultiples of Units* 


Value Prefix Symbol Example 
1 000 000 000 000 = 10"? tera T THz = 10"? Hz 
1 000 000 000 = 10° giga G GHz = 10° Hz 
1 000 000 = 10° mega M MHz = 10° Hz 
1 000 = 10? kilo k kV =10°V 
100 = 10? hecto h hm = 10? m 
10=10 deka da dam =10m 
Oj =10% | deci d dm=10'm 
0.01=107 [centi Cc cm=107m 
0.001 = 10 milli m mA=107A 
0.000 001 =10° micro m pV=10°V 
0.000 000 001 =10 nano n ns=10%s 
0.000 000 000 001 =10°" pico p p= F 


* Additional prefixes are exa = 10'*, peta = 10'5, femto = 10°", and atto = 10°". 


Table A-3 Greek Letter Symbols* 


LIEW WEIR 

Name Capital Small Uses 

Alpha A a a for angles, transistor 
characteristic 

Beta B Bp £ for angles, transistor 
characteristic 

Gamma T y y Transistor characteristic 

Delta A ô A Small change in value 

Epsilon E E € for permittivity; also base of 
natural logarithms 

Zeta Z E 

Eta H 7] n for intrinsic standoff ratio of a 
unijunction transistor (UJT) 

Theta 8 0 0 Phase angle 

lota I L 

Kappa K K 


* This table includes the complete Greek alphabet, although some letters are not used for electronic symbols. 
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Greek Letter Symbols* (Continued) 


LETTER 

Name Capital Small Uses 

Lambda A À A for wavelength 

Mu M u u for prefix micro-, permeability, 
amplification factor 

Nu N v 

Xi B E 

Omicron O o 

Pi II T a is 3.1416 for ratio of 
circumference to diameter of a 
circle 

Rho P p for resistivity 

Sigma x o x Summation 

Tau T Ẹ t Time constant 

Upsilon Y D 

Phi ce) h p Magnetic flux, angles 

Chi X X 

Psi We y y Electric flux 

Omega Q w Q for ohms; æ for angular 


velocity 


* This table includes the complete Greek alphabet, although some letters are not used for electronic symbols. 
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Appendix B 


Solder and the Soldering 
Process*™ 


From Simple Task to Fine Art 


Soldering is the process of joining two metals together by the use of a low- 
temperature melting alloy. Soldering is one of the oldest known joining techniques, 
first developed by the Egyptians in making weapons such as spears and swords. 
Since then, it has evolved into what is now used in the manufacturing of electronic 
assemblies. Soldering is far from the simple task it once was; it is now a fine art, one 
that requires care, experience, and a thorough knowledge of the fundamentals. 

The importance of having high standards of workmanship cannot be overempha- 
sized. Faulty solder joints remain a cause of equipment failure, and because of that 
soldering has become a critical skill. 

The material contained in this appendix is designed to provide students with both 
the fundamental knowledge and the practical skills needed to perform many of the 
high-reliability soldering operations encountered in today’s electronics. 

Covered here are the fundamentals of the soldering process, the proper selection, 
and the use of the soldering station. 

The key concept in this appendix is high-reliability soldering. Much of our present 
technology is vitally dependent on the reliability of countless, individual soldered con- 
nections. High-reliability soldering was developed in response to early failures with 
space equipment. Since then the concept and practice have spread into military and 
medical equipment. We have now come to expect it in everyday electronics as well. 


The Advantage of Soldering 


Soldering is the process of connecting two pieces of metal together to form a reli- 
able electrical path. Why solder them in the first place? The two pieces of metal 
could be put together with nuts and bolts, or some other kind of mechanical fasten- 
ing. The disadvantages of these methods are twofold. First, the reliability of the 
connection cannot be ensured because of vibration and shock. Second, because 
oxidation and corrosion are continually occurring on the metal surfaces, electrical 
conductivity between the two surfaces would progressively decrease. 

A soldered connection does away with both of these problems. There is no move- 
ment in the joint and no interfacing surfaces to oxidize. A continuous conductive 
path is formed, made possible by the characteristics of the solder itself. 


The Nature of Solder 


Solder used in electronics is a low-temperature melting alloy made by combining vari- 
ous metals in different proportions. The most common types of solder are made from 
tin and lead. When the proportions are equal, it is known as 50/50 solder—50% tin 
and 50% lead. Similarly, 60/40 solder consists of 60% tin and 40% lead. The percent- 
ages are usually marked on the various types of solder available; sometimes only the 


* This material is provided courtesy of PACE Worldwide, Southern Pines, North Carolina. 
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Figure B-1 Plastic range of 60/40 
solder. Melt begins at 183°C (361°F) and 
is complete at 190°C (374°F). 


60/40 


183°C 190°C 
361°F 374°F 


Solid | | Liquid 


Plastic 


tin percentage is shown. The chemical symbol for tin is Sn; thus Sn 63 indicates a 
solder that contains 63% tin. 

Pure lead (Pb) has a melting point of 327°C (621°F); pure tin, a melting point of 
232°C (450°F). But when they are combined into a 60/40 solder, the melting point 
drops to 190°C (374°F)—lower than either of the two metals alone. 

Melting generally does not take place all at once. As illustrated in Fig. B-1, 
60/40 solder begins to melt at 183°C (361°F), but it has not fully melted until the 
temperature reaches 190°C (374°F). Between these two temperatures, the solder 
exists in a plastic (semiliquid) state—some, but not all, of the solder has melted. 

The plastic range of solder will vary, depending on the ratio of tin to lead, as 
shown in Fig. B—2. Various ratios of tin to lead are shown across the top of this 
figure. With most ratios, melting begins at 183°C (361°F), but the full melting tem- 
peratures vary dramatically. There is one ratio of tin to lead that has no plastic state. 
It is known as eutectic solder. This ratio is 63/37 (Sn 63), and it fully melts and 
solidifies at 183°C (361°F). 

The solder most commonly used for hand soldering in electronics is the 60/40 
type, but because of its plastic range, care must be taken not to move any elements 
of the joint during the cool-down period. Movement may cause a disturbed joint. 
Characteristically, this type of joint has a rough, irregular appearance and looks dull 
instead of bright and shiny. It is unreliable and therefore one of the types of joints 
that is unacceptable in high-reliability soldering. 

In some situations, it is difficult to maintain a stable joint during cooling. In other 
cases, it may be necessary to use minimal heat to avoid damage to heat-sensitive 
components. In both of these situations, eutectic solder is the preferred choice 
because it changes from a liquid to a solid during cooling with no plastic range. 


The Wetting Action 


To someone watching the soldering process for the first time, it looks as though the 
solder simply sticks the metals together like a hot-melt glue, but what actually hap- 
pens is far different. 

A chemical reaction takes place when the hot solder comes into contact with the 
copper surface. The solder dissolves and penetrates the surface. The molecules of 
solder and copper blend together to form a new metal alloy, one that is part copper 
and part solder and that has characteristics all its own. This reaction is called wetting 
and forms the intermetallic bond between the solder and copper (Fig. B-3). 

Proper wetting can occur only if the surface of the copper is free of contamina- 
tion and from oxide films that form when the metal is exposed to air. Also, the sol- 
der and copper surfaces need to have reached the proper temperature. 


Figure B-2 Fusion characteristics of tin/lead solders. 
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== eo Figure B-3 The wetting action. Molten 
e] TE solder dissolves and penetrates a clean 


aa copper surface, forming an intermetallic 


bond. 


Solder 


— _ 


Copper 
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Figure B-4 Types of cored solder, with 
varying solder-flux percentages. 
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Solder and the Soldering Process 


Even though the surface may look clean before soldering, there may still be a 
thin film of oxide covering it. When solder is applied, it acts like a drop of water 
on an oily surface because the oxide coating prevents the solder from coming into 
contact with the copper. No reaction takes place, and the solder can be easily 
scraped off. For a good solder bond, surface oxides must be removed during the 
soldering process. 


The Role of Flux 


Reliable solder connections can be accomplished only on clean surfaces. Some sort 
of cleaning process is essential in achieving successful soldered connections, but in 
most cases it is insufficient. This is due to the extremely rapid rate at which oxides 
form on the surfaces of heated metals, thus creating oxide films which prevent 
proper soldering. To overcome these oxide films, it is necessary to utilize materials, 
called fluxes, which consist of natural or synthetic rosins and sometimes additives 
called activators. 

It is the function of flux to remove surface oxides and keep them removed during 
the soldering operation. This is accomplished because the flux action is very cor- 
rosive at or near solder melt temperatures and accounts for the flux’s ability to rap- 
idly remove metal oxides. It is the fluxing action of removing oxides and carrying 
them away, as well as preventing the formation of new oxides, that allows the solder 
to form the desired intermetallic bond. 

Flux must activate at a temperature lower than solder so that it can do its job prior 
to the solder flowing. It volatilizes very rapidly; thus it is mandatory that the flux be 
activated to flow onto the work surface and not simply be volatilized by the hot iron 
tip if it is to provide the full benefit of the fluxing action. 

There are varieties of fluxes available for many applications. For example, in 
soldering sheet metal, acid fluxes are used; silver brazing (which requires a much 
higher temperature for melting than that required by tin/lead alloys) uses a borax 
paste. Each of these fluxes removes oxides and, in many cases, serves additional 
purposes. The fluxes used in electronic hand soldering are the pure rosins, rosins 
combined with mild activators to accelerate the rosin’s fluxing capability, low- 
residue/no-clean fluxes, or water-soluble fluxes. Acid fluxes or highly activated 
fluxes should never be used in electronic work. Various types of flux-cored solder 
are now in common use. They provide a convenient way to apply and control the 
amount of flux used at the joint (Fig. B—4). 


Soldering Irons 


In any kind of soldering, the primary requirement, beyond the solder itself, is heat. 
Heat can be applied in a number of ways—conductive (e.g., soldering iron, wave, 
vapor phase), convective (hot air), or radiant (IR). We are mainly concerned with the 
conductive method, which uses a soldering iron. 

Soldering stations come in a variety of sizes and shapes, but consist basically of 
three main elements: a resistance heating unit; a heater block, which acts as a heat 
reservoir; and the tip, or bit, for transferring heat to the work. The standard produc- 
tion station is a variable-temperature, closed-loop system with interchangeable tips 
and is made with Static Dissipative (ESD)-safe plastics. 


Controlling Heat at the Joint 


Controlling tip temperature is not the real challenge in soldering; the real challenge 
is to control the heat cycle of the work—how fast the work gets hot, how hot it gets, 
and how long it stays that way. This is affected by so many factors that, in reality, tip 
temperature is not that critical. 

The first factor that needs to be considered is the relative thermal mass of the 
area to be soldered. This mass may vary over a wide range. 
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Figure B-5 Cross-sectional view (left) 
of iron tip on a round lead. The “X” shows 
point of contact. Use of a solder bridge 
(right) increases the linkage area and 
speeds the transfer of heat. 


Lead Tip Solder "bridge" 
Small linkage area Large linkage area 
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Consider a single land on a single-sided circuit board. There is relatively little 
mass, so the land heats up quickly. But on a double-sided board with plated-through 
holes, the mass is more than doubled. Multilayered boards may have an even greater 
mass, and that’s before the mass of the component lead is taken into consideration. 
Lead mass may vary greatly, since some leads are much larger than others. 

Moreover, there may be terminals (e.g., turret or bifurcated) mounted on the 
board. Again, the thermal mass is increased, and will further increase as connecting 
wires are added. 

Each connection, then, has its particular thermal mass. How this combined mass 
compares with the mass of the iron tip, the “relative” thermal mass, determines the 
time and temperature rise of the work. 

With a large work mass and a small iron tip, the temperature rise will be slow. 
With the situation reversed, using a large iron tip on a small work mass, the tempera- 
ture rise of the work will be much more rapid—even though the temperature of the 
tip is the same. 

Now consider the capacity of the iron itself and its ability to sustain a given flow 
of heat. Essentially, irons are instruments for generating and storing heat, and the 
reservoir is made up of both the heater block and the tip. The tip comes in various 
sizes and shapes; it’s the pipeline for heat flowing into the work. For small work, a 
conical (pointed) tip is used, so that only a small flow of heat occurs. For large work, 
a large chisel tip is used, providing greater flow. 

The reservoir is replenished by the heating element, but when an iron with a large 
tip is used to heat massive work, the reservoir may lose heat faster than it can be 
replenished. Thus, the size of the reservoir becomes important: a large heating block 
can sustain a larger outflow longer than a small one. 

An iron’s capacity can be increased by using a larger heating element, thereby 
increasing the wattage of the iron. These two factors, block size and wattage, are 
what determine the iron’s recovery rate. 

If a great deal of heat is needed at a particular connection, the correct tempera- 
ture with the right size tip is required, as is an iron with a large enough capacity and 
an ability to recover fast enough. Relative thermal mass, then, is a major consider- 
ation for controlling the heat cycle of the work. 

A second factor of importance is the surface condition of the area to be soldered. 
If there are any oxides or other contaminants covering the lands or leads, there will 
be a barrier to the flow of heat. Then, even though the iron tip is the right size and 
has the correct temperature, it may not supply enough heat to the connection to melt 
the solder. In soldering, a cardinal rule is that a good solder connection cannot be 
created on a dirty surface. Before you attempt to solder, the work should always be 
cleaned with an approved solvent to remove any grease or oil film from the surface. 
In some cases, pretinning may be required to enhance solderability and remove 
heavy oxidation of the surfaces prior to soldering. 

A third factor to consider is thermal linkage—the area of contact between the 
iron tip and the work. 

Figure B—5 shows a cross-sectional view of an iron tip touching a round lead. 
The contact occurs only at the point indicated by the “X,” so the linkage area is very 
small, not much more than a straight line along the lead. 

The contact area can be greatly increased by applying a small amount of solder 
to the point of contact between the tip and workpiece. This solder heat bridge pro- 
vides the thermal linkage and ensures rapid heat transfer into the work. 

From the aforementioned, it should now be apparent that there are many more fac- 
tors than just the temperature of the iron tip that affect how quickly any particular con- 
nection is going to heat up. In reality, soldering is a very complex control problem, with 
a number of variables to it, each influencing the other. And what makes it so critical is 
time. The general rule for high-reliability soldering on printed circuit boards is to apply 
heat for no more than 2 s from the time solder starts to melt (wetting). Applying heat 
for longer than 2 s after wetting may cause damage to the component or board. 


Appendix B 


Solder and the Soldering Process 


Figure B-6 Work can be viewed as a closed-loop system (left). Feedback comes from the 
reaction of the workpiece and is used to modify the action. Workpiece indicators (right)— 
changes discernible to the human senses—are the way the “work talks back to you.” 
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With all these factors to consider, the soldering process would appear to be too 
complex to accurately control in so short a time, but there is a simple solution—the 
workpiece indicator (WPI). This is defined as the reaction of the workpiece to the 
work being performed on it—a reaction that is discernible to the human senses of 
sight, touch, smell, sound, and taste. 

Put simply, workpiece indicators are the way the work talks back to you—the 
way it tells you what effect you are having and how to control it so that you accom- 
plish what you want. 

In any kind of work, you become part of a closed-loop system. It begins when 
you take some action on the workpiece; then the workpiece reacts to what you did; 
you sense the change, and then modify your action to accomplish the result. It is in 
the sensing of the change, by sight, sound, smell, taste, or touch, that the workpiece 
indicators come in (Fig. B-6). 

For soldering and desoldering, a primary workpiece indicator is heat rate 
recognition—observing how fast heat flows into the connection. In practice, this 
means observing the rate at which the solder melts, which should be within 1 to 2 s. 

This indicator encompasses all the variables involved in making a satisfactory 
solder connection with minimum heating effects, including the capacity of the iron 
and its tip temperature, the surface conditions, the thermal linkage between tip and 
workpiece, and the relative thermal masses involved. 

If the iron tip is too large for the work, the heating rate may be too fast to be con- 
trolled. If the tip is too small, it may produce a “mush” kind of melt; the heating rate 
will be too slow, even though the temperature at the tip is the same. 

A general rule for preventing overheating is, “Get in and get out as fast as you 
can.” That means using a heated iron you can react to—one giving a 1- to 2-s dwell 
time on the particular connection being soldered. 


Selecting the Soldering Iron and Tip 


A good all-around soldering station for electronic soldering is a variable-temperature, 
ESD-safe station with a pencil-type iron and tips that are easily interchangeable, 
even when hot (Fig. B-7). 

The soldering iron tip should always be fully inserted into the heating element 
and tightened. This will allow for maximum heat transfer from the heater to the tip. 

The tip should be removed daily to prevent an oxidation scale from accumulating 
between the heating element and the tip. A bright, thin tinned surface must be main- 
tained on the tip’s working surface to ensure proper heat transfer and to avoid con- 
taminating the solder connection. 

The plated tip is initially prepared by holding a piece of flux-cored solder to the 
face so that it will tin the surface when it reaches the lowest temperature at which 
solder will melt. Once the tip is up to operating temperature, it will usually be too 
hot for good tinning, because of the rapidity of oxidation at elevated temperatures. 
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Figure B-8 Cross-sectional view of a 
round lead on a flat surface. 
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Figure B-7 Pencil-type iron with changeable tips. 


Courtesy of PACE, Inc. 


The hot tinned tip is maintained by wiping it lightly on a damp sponge to shock off 
the oxides. When the iron is not being used, the tip should be coated with a layer of 
solder. 


Making the Solder Connection 


The soldering iron tip should be applied to the area of maximum thermal mass of 
the connection being made. This will permit the rapid thermal elevation of the parts 
being soldered. Molten solder always flows toward the heat of a properly prepared 
connection. 

When the solder connection is heated, a small amount of solder is applied to the 
tip to increase the thermal linkage to the area being heated. The solder is then 
applied to the opposite side of the connection so that the work surfaces, not the iron, 
melt the solder. Never melt the solder against the iron tip and allow it to flow onto a 
surface cooler than the solder melting temperature. 

Solder, with flux, applied to a cleaned and properly heated surface will melt and 
flow without direct contact with the heat source and provide a smooth, even surface, 
feathering out to a thin edge (Fig. B—8). Improper soldering will exhibit a built-up, 
irregular appearance and poor filleting. The parts being soldered must be held 
rigidly in place until the temperature decreases to solidify the solder. This will pre- 
vent a disturbed or fractured solder joint. 
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Selecting cored solder of the proper diameter will aid in controlling the amount 
of solder being applied to the connection (e.g., a small-gauge solder for a small con- 
nection; a large-gauge solder for a large connection). 


Removal of Flux 


Cleaning may be required to remove certain types of fluxes after soldering. If clean- 
ing is required, the flux residue should be removed as soon as possible, preferably 
within 1 hour after soldering. 


Lead-Free Solder 


The use of 60/40 and eutectic (63/37) solder has significantly declined over the 
past several years due to the health concerns associated with lead. Although 60/40 
and eutectic solder is still used for certain applications in the electronics industry, 
most new electronic products are assembled using lead-free solder. Most lead-free 
solder is made up of a mixture of copper (Cu), tin (Sn), and silver (Ag). This com- 
bination (alloy) of metals has a higher melting temperature than the traditional 
60/40 and 63/37 tin/lead ratios discussed previously. One of the biggest challenges 
associated with lead-free solder is the growth of “tin whiskers,” which can cause 
arcing and/or short circuits to occur in an electronic assembly. It is important to note 
that the soldering techniques and processes discussed earlier also apply to lead-free 
solder. 
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Listing of Preferred 
Resistance Values 


Preferred Resistance Values for 


Table C-1 Tolerances of +5%, +10%, and 
+20%* 
+20% +10% +5% 

10 10 10 
V1 

12 2 

13 

15 15 15 
16 

18 18 

20 

2?) 2? 2D) 
24 

2 Dif 

30 

33} 35 B5 
26 

59 BY) 

43 

47 47 47 
Si 

56 56 

62 

68 68 68 
YS 

82 82 

9 

100 100 100 


* Multiple and submultiple values apply to those values which are shown. 
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Component Schematic 


Symbols 


Voltage and Current Sources 


4 Individual voltaic cell 


(longer line indicates 
| the positive electrode) 


dL 
—— Standard symbol for a 


DC voltage source 


+ 
7 Variable DC voltage source 


Ground Symbols 
L Earth ground lh Chassis ground 


Connections 


No connection 


Dot indicates connection 


~ o o o = E 
2 o 5 e 2 ° 
o p o 
Co o o o 
o o o o o o 
o o o ° o o 
o o ° ° 
o o oo o o 


AC voltage source 


Current source 
(solid arrow represents 
conventional current flow) 


Current source 
(dashed arrow represents 
electron flow) 


y Common ground 


| Connection 


No connection 
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Resistors 


Fixed resistor 


— Potentiometer 
(3 terminals) 


Rheostat 
(2 terminals) 
R decreases as 
wiper is moved up 


—VW\— 


Rheostat 
(2 terminals) 
R increases as 
wiper is moved up 


eT O 


Capacitors 


Fixed capacitor 


Variable resistor 
(generic symbol) 
(2 terminals) 


Rheostat 
(2 terminals) 
R decreases as 
wiper is moved up 
(No connection) 


(No connection) 


—Ny 


Rheostat 
(2 terminals) 
R increases as 
wiper is moved up 


9 


—W\— 


Thermistor 


Ganged capacitors 
a | 


+ 
— 


i į Al 
f Variable capacitor T Electrolytic capacitor 


Variable capacitor L7 Electrolytic capacitor 
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Inductors (Coils) 


A 
i] 
Fixed inductor Il Variable inductor Variable inductor 
(air core) l | (adjustable powdered (generic symbol) 
! iron or ferrite slug) 
Fixed inductor Tapped inductor 
(iron core) 
Transformers 
Primary Secondary Air-core transformer 


Primary | | Secondary lron-core transformer 
Prima Secondary Center lron-core transformer 
y tap with secondary center tap 


Secondary 1 


lron-core transformer 


Primary with multiple secondaries 


Secondary 2 


Primary Autotransformer 


Secondary 
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Switches 


SPST 


DPST 


— aa g 
o—— v ST 
otoo 
e g o 


Protective Devices 


os A ee Fuse 


oN 


oe e—e@ Circuit breaker 


Relays 


L @—— Normally open (NO) 


or 


T e—Î relay contacts 


ör Normally closed (NC) 
relay contacts 


Lamp 


Incandescent lamp 


Normally open (NO) 


push-button switch 
oO o_o 


| Normally closed (NC) 
push-button switch 


3 Relay coil 
i Relay coil 
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Component Schematic Symbols 


Test Instruments 


Voltmeter 


ni 


Anode Cathode 


oe 


Rectifier diode 


Anode ZA Cathode 


Collector 


Base npn transistor 


Emitter 


Collector 
Base pnp transistor 
Emitter 


Drain 


n-channel JFET 


Gate (symmetrical) 


Source 


or Ohmmeter 


Cathode 


Zener diode 


Light-emitting diode (LED) 


Anode 


Drain 


p-channel JFET 


Gae (symmetrical) 


Drain 
n-channel JFET 
Gate (asymmetrical) 
Source 


Source 


Drain 


n-channel 
Gate > | D-MOSFET 


Source 
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Drain 
p-channel 
Gate — | D-MOSFET 
Source 
Drain 
n-channel 
Gate g | E-MOSFET 


Source 


Thyristors 


A2 
Diac 


A1 


Anode 


Silicon-controlled 


rectifier (SCR) 
Gate 


Cathode 


Drain 
p-channel 
Gate o | E-MOSFET 
Source 
MT, 
Triac 
Gate 
MT, 
B2 
E Unijunction transistor 
(UJT) 
B1 


Operational Amplifier (Op Amp) 


Noninverting 
input Output 
Inverting 

input 
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Using the Oscilloscope 


Basic Information 


An oscilloscope or “scope,” as it is commonly known, is one of the most versatile 
test instruments in electronics. Oscilloscopes are used in a wide variety of applica- 
tions including consumer electronics repair, digital systems troubleshooting, control 
system design, and physics laboratories. Oscilloscopes have the ability to measure 
the time, frequency, and voltage level of a signal, view rapidly changing waveforms, 
and determine if an output signal is distorted. The technician must therefore be able 
to operate this instrument and understand how and where it is used. 

Oscilloscopes can be classified as either analog or digital. Both types are 
shown in Fig. E-1. Analog oscilloscopes directly apply the voltage being mea- 
sured to an electron beam moving across the oscilloscope screen. This voltage 
deflects the beam up, down, and across, thus tracing the waveform on the screen. 
Digital (also referred to as menu-driven) oscilloscopes sample the input waveform 
and then use an analog-to-digital converter (ADC) to change the voltage being 
measured into a digital format. The digital information is then used to reconstruct 
the waveform to be displayed on the screen. 

A digital or analog oscilloscope may be used for many of the same applications. 
Each type of oscilloscope possesses unique characteristics and capabilities. The 
analog oscilloscope can display high-frequency varying signals in “real time,” 
whereas a digital oscilloscope allows you to capture and store information which 
can be accessed at a later time or be interfaced to a computer. 


WHAT AN OSCILLOSCOPE DOES 


An analog oscilloscope displays the instantaneous amplitude of an AC voltage 
waveform versus time on the screen of a cathode-ray tube (CRT). Basically, the 
oscilloscope is a graph-displaying device. It has the ability to show how signals 
change over time. As shown in Fig. E-2, the vertical axis (Y) represents voltage and 
the horizontal axis (X) represents time. The Z axis or intensity is sometimes used in 
special measurement applications. Inside the cathode-ray tube is an electron gun 
assembly, vertical and horizontal deflection plates, and a phosphorous screen. The 
electron gun emits a high-velocity, low-inertia beam of electrons that strike the 
chemical coating on the inside face of the CRT, causing it to emit light. The bright- 
ness (called intensity) can be varied by a control located on the oscilloscope front 
panel. The motion of the beam over the CRT screen is controlled by the deflection 
voltages generated in the oscilloscope’s circuits outside of the CRT and the deflec- 
tion plates inside the CRT to which the deflection voltages are applied. 

Figure E-3 is an elementary block diagram of an analog oscilloscope. The block 
diagram is composed of a CRT and four-system blocks. These blocks include the 
display system, vertical system, horizontal system, and trigger system. The CRT 
provides the screen on which waveforms of electrical signals are viewed. These 
signals are applied to the vertical input system. Depending on how the volts/div. 
control is set, the vertical attenuator—a variable voltage divider—reduces the input 
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Figure E-1 
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Oscilloscope types. (a) Analog oscilloscope. (b) Digital storage oscilloscope. 


Reproduced by permission of Tektronix, Inc. 


Sarah Schultz Photography 


(b) 


signal voltage to the desired signal level for the vertical amplifier. This is necessary 
because the oscilloscope must handle a wide range of signal-voltage amplitudes. 
The vertical amplifier then processes the input signal to produce the required volt- 
age levels for the vertical deflection plates. The signal voltage applied to the vertical 
deflection plates causes the electron beam of the CRT to be deflected vertically. The 
resulting up-and-down movement of the beam on the screen, called the trace, is 
significant in that the extent of vertical deflection is directly proportional to the 
amplitude of the signal voltage applied to the vertical, or V, input. A portion of the 
input signal, from the vertical amplifier, travels to the trigger system to start or trig- 
ger a horizontal sweep. The trigger system determines when and if the sweep gen- 
erator will be activated. With the proper LEVEL and SLOPE control adjustment, 
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Figure E-2 X, Y, and Zcomponents of a displayed waveform. 
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the sweep will begin at the same trigger point each time. This will produce a stable 
display as shown in Fig. E—4. The sweep generator produces a linear time-based 
deflection voltage. The resulting time-based signal is amplified by the horizontal 
amplifier and applied to the CRT’s horizontal deflection plates. This makes it pos- 
sible for the oscilloscope to graph a time-varying voltage. The sweep generator may 
be triggered from sources other than the vertical amplifier. External trigger input 
signals or internal 60-Hz (line) sources may be selected. 

The display system includes the controls and circuits necessary to view the CRT 
signal with optimum clarity and position. Typical controls include intensity, focus, 
and trace rotation along with positioning controls. 


DUAL-TRACE OSCILLOSCOPES 


Most oscilloscopes have the ability to measure two input signals at the same time. 
These dual-trace oscilloscopes have two separate vertical amplifiers and an elec- 
tronic switching circuit. It is then possible to observe two time-related waveforms 
simultaneously at different points in an electric circuit. 
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Figure E-4 Triggering produces a stable display because the same trigger point starts the sweep each time. The SLOPE and LEVEL controls 
define the trigger points on the trigger signal. The waveform on the screen is all those sweeps overlaid in what appears to be a single picture. 
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OPERATING CONTROLS OF A TRIGGERED OSCILLOSCOPE 


The type, location, and function of the front panel controls of an analog oscilloscope 
differ from manufacturer to manufacturer and from model to model. The descrip- 
tions that follow apply to the broadest range of general-use analog scope models. 


INTENSITY. This control sets the level of brightness or intensity of the light trace on 
the CRT. Rotation in a clockwise (CW) direction increases the brightness. Too high 
an intensity can damage the phosphorous coating on the inside of the CRT screen. 


Focus. This control is adjusted in conjunction with the intensity control to give the 
sharpest trace on the screen. There is interaction between these two controls, so 
adjustment of one may require readjustment of the other. 


ASTIGMATISM. This is another beam-focusing control found on older oscilloscopes 
that operates in conjunction with the focus control for the sharpest trace. The 
astigmatism control is sometimes a screwdriver adjustment rather than a manual 
control. 


HORIZONTAL AND VERTICAL POSITIONING OR CENTERING. These are trace-positioning 
controls. They are adjusted so that the trace is positioned or centered both vertically 
and horizontally on the screen. In front of the CRT screen is a faceplate called the 
graticule, on which is etched a grid of horizontal and vertical lines. Calibration 
markings are sometimes placed on the center vertical and horizontal lines on this 
faceplate. This is shown in Fig. E—5. 


VOLTS/DIV. This control attenuates the vertical input signal waveform that is to be 
viewed on the screen. This is frequently a click-stop control that provides step 
adjustment of vertical sensitivity. A separate Volts/Div. control is available for each 
channel of a dual-trace scope. Some scopes mark this control Volts/cm. 


VARIABLE. In some scopes, this is a concentric control in the center of the Volts/Div. 
control. In other scopes, this is a separately located control. In either case, the func- 
tions are similar. The variable control works with the Volts/Div. control to provide 
a more sensitive control of the vertical height of the waveform on the screen. The 
variable control also has a calibrated position (CAL) either at the extreme counter- 
clockwise or clockwise position. In the CAL position, the Volts/Div. control is 
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Figure E-5 An oscilloscope graticule. 
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calibrated at some set value—for example, 5 mV/Div., 10 mV/Div., or 2 V/Div. 
This allows the scope to be used for peak-to-peak voltage measurements of the 
vertical input signal. Dual-trace scopes have a separate variable control for each 
channel. 


INPUT COUPLING AC-GND-DC SWITCHES. This three-position switch selects the method 
of coupling the input signal into the vertical system. 


AC—The input signal is capacitively coupled to the vertical amplifier. The DC 
component of the input signal is blocked. 


GND—The vertical amplifier’s input is grounded to provide a zero-volt (ground) 
reference point. It does not ground the input signal. 


DC—This direct-coupled input position allows all signals (AC, DC, or AC-DC 
combinations) to be applied directly to the vertical system’s input. 


VERTICAL MODE SWITCHES. These switches select the mode of operation for the verti- 
cal amplifier system. 


CH1—Selects only the Channel 1 input signal for display. 
CH2—Selects only the Channel 2 input signal for display. 


Both—Selects both Channel 1 and Channel 2 input signals for display. When in this 
position, ALT, CHOP, or ADD operations are enabled. 


ALT—Alternatively displays Channel 1 and Channel 2 input signals. Each input is 
completely traced before the next input is traced. Effectively used at sweep speeds of 
0.2 ms per division or faster. 


CHOP—During the sweep, the display switches between Channel 1 and Channel 2 
input signals. The switching rate is approximately at 500 kHz. This is useful for 
viewing two waveforms at slow sweep speeds of 0.5 ms per division or slower. 


ADD—This mode algebraically sums the Channel 1 and Channel 2 input signals. 


INVERT—This switch inverts Channel 2 (or Channel 1 on some scopes) to enable a 
differential measurement when in the ADD mode. 


TIME/DIV. This is usually two concentric controls that affect the timing of the hori- 
zontal sweep or time-base generator. The outer control is a click-stop switch that 
provides step selection of the sweep rate. The center control provides a more 
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sensitive adjustment of the sweep rate on a continuous basis. In its extreme clock- 
wise position, usually marked CAL, the sweep rate is calibrated. Each step of the 
outer control is, therefore, equal to an exact time unit per scale division. Thus, the 
time it takes the trace to move horizontally across one division of the screen grati- 
cule is known. Dual-trace scopes generally have one Time/Div. control. Some 
scopes mark this control Time/cm. 


X-Y SWITCH. When this switch is engaged, one channel of the dual-trace scope 
becomes the horizontal, or X, input, while the other channel becomes the vertical, or 
Y, input. In this condition, the trigger source is disabled. On some scopes, this setting 
occurs when the Time/Div. control is fully counterclockwise. 


TRIGGERING CONTROLS. The typical dual-trace scope has a number of controls associ- 
ated with the selection of the triggering source, the method by which it is coupled, 
the level at which the sweep is triggered, and the selection of the slope at which 
triggering takes place: 


1. Level Control. This is a rotary control that determines the point on the 
triggering waveform where the sweep is triggered. When no triggering 
signal is present, no trace will appear on the screen. Associated with 
the level control is an Auto switch, which is often an integral part of 
the level rotary control or may be a separate push button. In the Auto 
position, the rotary control is disengaged and automatic triggering 
takes place. In this case, a sweep is always generated and therefore a 
trace will appear on the screen even in the absence of a triggering 
signal. When a triggering signal is present, the normal triggering 
process takes over. 

2. Coupling. This control is used to select the manner in which the 
triggering is coupled to the signal. The types of coupling and the way 
they are labeled vary from one manufacturer and model to another. For 
example, AC coupling usually indicates the use of capacitive coupling 
that blocks DC; line coupling indicates the 50- or 60-Hz line voltage is 
the trigger. If the oscilloscope was designed for television testing, the 
coupling control might be marked for triggering by the horizontal or 
vertical sync pulses. 

3. Source. The trigger signal may be external or internal. As already noted, 
the line voltage may also be used as the triggering signal. 

4. Slope. This control determines whether triggering of the sweep occurs at 
the positive going or negative going portion of the triggering signal. The 
switch itself is usually labeled positive or negative, or simply + or —. 


Oscilloscope Probes 


Oscilloscope probes are the test leads used for connecting the vertical input signal 
to the oscilloscope. There are three types: a direct lead that is just a shielded cable, 
the low-capacitance probe (LCP) with a series-isolating resistor, and a demodulator 
probe. Figure E-6 shows a circuit for an LCP for an oscilloscope. The LCP usually 
has a switch to short out the isolating resistor so that the same probe can be used 
either as a direct lead or with low capacitance. (See S| in Fig. E-6.) 


DIRECT PROBE 


The direct probe is just a shielded wire without any isolating resistor. A shielded 
cable is necessary to prevent any pickup of interfering signals, especially with the 
high resistance at the vertical input terminals of the oscilloscope. The higher the 
resistance, the more voltage that can be developed by induction. Any interfering 
signals in the test lead produce distortion of the trace pattern. The main sources of 
interference are 60-Hz magnetic fields from the power line and stray rf signals. 
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Figure E-6 Circuit for LCP for an oscilloscope. 


Plug 


Cable shield 


C, = 13 to 17 pF 


The direct probe as a shielded lead has relatively high capacitance. A typical 
value is 90 pF for 3 ft (0.9 m) of 50-Q coaxial cable. Also, the vertical input termi- 
nals of the oscilloscope have a shunt capacitance of about 40 pF. The total C then is 
90 + 40 = 130 pF. This much capacitance can have a big effect on the circuit being 
tested. For example, it could detune a resonant circuit. Also, nonsinusoidal wave- 
shapes are distorted. Therefore, the direct probe can be used only when the added C 
has little or no effect. These applications include voltages for the 60-Hz power line 
or sine-wave audio signals in a circuit with a relatively low resistance of several 
kilohms or less. The advantage of the direct probe is that it does not divide down the 
amount of input signal, since there is no series-isolating resistance. 


LOW-CAPACITANCE PROBE (LCP) 


Refer to the diagram in Fig. E-6. The 9-MQ resistor in the probe isolates the 
capacitance of the cable and the oscilloscope from the circuit connected to the probe 
tip. With an LCP, the input capacitance of the probe is only about 10 pF. The LCP 
must be used for oscilloscope measurements when 


1. The signal frequency is above audio frequencies. 

2. The circuit being tested has R higher than about 50 kQ. 

3. The waveshape is nonsinusoidal, especially with square waves and sharp 
pulses. 


Without the LCP, the observed waveform can be distorted. The reason is that too 
much capacitance changes the circuit while it is being tested. 


THE 1:10 VOLTAGE DIVISION OF THE LCP 


Refer to the voltage divider circuit in Fig. E-7. The 9-MQ of R, is a series resistor 
in the probe. Also, R, of 1 MQ is a typical value for the shunt resistance at the verti- 
cal terminals of the oscilloscope. Then R, = 9 + 1 = 10 MQ. The voltage across R; 
for the scope equals R,/R; or ‘Ao of the input voltage. For the example in Fig. E-7 
with 10 V at the tip of the LCP, 1 V is applied to the oscilloscope. 

Remember, when using the LCP, multiply by 10 for the actual signal amplitude. 
As an example, for a trace pattern on the screen that measures 2.4 V, the actual 


Figure E-7 Voltage division of 1:10 with a low-capacitance probe. 
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signal input at the probe is 24 V. For this reason, the LCP is generally called the 
“x 10” probe. Check to see whether or not the switch on the probe is in the direct or 
LCP position. Even though the scope trace is reduced by the factor of /o, it is prefer- 
able to use the LCP for almost all oscilloscope measurements to minimize distortion 
of the waveshapes. 


TRIMMER CAPACITOR OF THE LCP 


Referring back to Fig. E-6, note that the LCP has an internal variable capacitor C, 
across the isolating resistor R,. The purpose of C, is to compensate the LCP for high 
frequencies. Its time constant with R, should equal the RC time constant of the cir- 
cuit at the vertical input terminals of the oscilloscope. When necessary, C, is 
adjusted for minimum tilt on a square-wave signal. 


CURRENT MEASUREMENTS WITH OSCILLOSCOPE 


Although it serves as an AC voltmeter, the oscilloscope can also be used for measur- 
ing current values indirectly. The technique is to insert a low R in series where the 
current is to be checked. Use the oscilloscope to measure the voltage across R. Then 
the current is Z = V/R. Keep the value of the inserted R much lower than the resis- 
tance of the circuit being tested to prevent any appreciable change in the actual 7. 
Besides measuring the current this way, the waveform of V on the screen is the same 
as I because R does not affect the waveshape. 


Voltage and Time Measurements 


In general, an oscilloscope is normally used to make two basic measurements; 
amplitude and time. After making these two measurements, other values can be 
determined. Figure E—-8 shows the screen of a typical oscilloscope. 

As mentioned earlier, the vertical or Y axis represents values of voltage 
amplitude whereas the horizontal or X axis represents values of time. The volts/ 
division control on the oscilloscope determines the amount of voltage needed at 
the scope input to deflect the electron beam one division vertically on the Y axis. 
The seconds/division control on the oscilloscope determines the time it takes for 
the scanning electron beam to scan one horizontal division. In Fig. E-8, note 
that there are 8 vertical divisions and 10 horizontal divisions. 

Refer to the sine wave being displayed on the oscilloscope graticule in Fig. E-9. 
To calculate the peak-to-peak value of the waveform, simply count the number of 


Figure E-8 Oscilloscope screen (graticule). 
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Figure E-9 Determining Vp» T and f from the sine wave displayed on the scope graticule. 


Sec./Div. = 0.1 ms/div. Volts/Div. = 2 V/div. 


vertical divisions occupied by the waveform and then multiply this number by the 
volts/division setting. Expressed as a formula, 


volts 
ivision 


Vp = # vertical divisions Xx q setting 


In Fig. E-9, the sine wave occupies 6 vertical divisions. Since the Volts./Div. 
setting equals 2 V/division, the peak-to-peak calculations are as follows: 


2V 
division 


Vog = 6 vertical divisions Xx =12 Vip 
To calculate the period, T, of the waveform, all you do is count the number of 
horizontal divisions occupied by one cycle. Then, simply multiply the number of 
horizontal divisions by the Sec./Div. setting. Expressed as a formula, 
Ci 


T = # horizontal divisions x —S©°— setting 

division 
In Fig. E-9, one cycle of the sine wave occupies exactly 10 horizontal divi- 

sions. Since the Sec./ Div. setting is set to 0.1 ms/div., the calculations for T are as 


follows: 


0.1 ms 


Vo 


T = 10 horizontal divisions x 


With the period, T, known, the frequency, f, can be found as follows: 


f= 


__1 
1 ms 


= 1 kHz 


EXAMPLE 1. In Fig. E-10, determine the peak-to-peak voltage, the period, T, and the 
frequency, f, of the displayed waveform. 


ANSWER. Careful study of the scopes graticule reveals that the height of the wave- 
form occupies 3.4 vertical divisions. With the Volts/Div. setting at 0.5 V/div., the 
peak-to-peak voltage is calculated as follows: 


= 7 oe 0.5 V _ 
Voz = 3.4 vertical divisions X ~ 1.7 Via 
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Figure E-10 Determining V, „T, and ffrom the sine wave displayed on the scope graticule. 


Sec./Div. = 0.2 ms/div. Volts/Div. = 0.5 V/div. 


To find the period, 7, of the displayed waveform, count the number of horizontal 
divisions occupied by just one cycle. By viewing the scopes graticule, we see that 
one cycle occupies 5 horizontal divisions. Since the Sec./Div. control is set to 
0.2 ms/div., the period, 7, is calculated as: 


T = 5 horizontal divisions x 0.2 ms = 1 ms 
To calculate the frequency, f, take the reciprocal of the period, T. 
Se E 
ly ia lms — par 


EXAMPLE 2. In Fig. E-11, determine the pulse time, tp, pulse repetition time, prt, and 
the peak value, V,,, of the displayed waveform. Also, calculate the waveform’s % 
duty cycle and the pulse repetition frequency, prf. 


Figure E-11 
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Determining V% tp, prt, prf, and % duty cycle from the rectangular wave displayed on the scope graticule. 


[_ Sec./Div. = 1 s/div. 


Volts/Div. = 5 V/div. 


Note: tp = the length of time the pulse exists 


prt = pulse repetition time (period) 
prf = pulse repetition frequency 


% duty cycle = the percentage of prt 


for which the pulse exists 


tp 
% duty cycle = — X 100 
prt 


ov 
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ANSWER. To find the pulse time, tp, count the number of horizontal divisions 
occupied by just the pulse. In Fig. E-11, the pulse occupies exactly 4 horizontal 
divisions. With the Sec./Div. control set to 1 us/div., the pulse time, tp, is calcu- 
lated as 
. E 1 us 
tp = 4 horizontal divisions x roe 4 us 
The pulse repetition time, prt, is found by counting the number of horizontal divi- 
sions occupied by one cycle of the waveform. Since one cycle occupies 10 horizon- 
tal divisions, the pulse repetition time, prt, is calculated as follows: 
us 


prt = 10 horizontal divisions x is = 10 us 


With tp and prt known, the % duty cycle is calculated as follows: 


% duty cycle = a x 100 


4 us 
“De x 100 


= 40% 
The pulse repetition frequency, prf, is calculated by taking the reciprocal of prt. 


i. 
prt 
1 
10 us 
100 kHz 


pif = 


The peak value of the waveform is based on the fact that the baseline value of 
the waveform is 0 V as shown. The positive peak of the waveform is shown to 
be three vertical divisions above zero. Since the Volts/Div. setting of the scope is 
5 V/div., the peak value of the waveform is 
V = 3 vertical divisions x 2Y = 15 V 
nk = 3 vertical divisions x an 5 

iv. 
Notice that the waveform shown in Fig. E-11 is entirely positive because the wave- 
form’s pulse makes a positive excursion from the zero-volt reference. 


PHASE MEASUREMENT 


Phase measurements can be made with a dual-trace oscilloscope when the signals 
are of the same frequency. To make this measurement, the following procedure can 
be used: 


1. Preset the scope’s controls, and obtain a baseline trace (the same for both 
channels). Set the Trigger Source to whichever input is chosen to be the 
reference input. Channel | is often used as the reference, but Channel 2 
as well as External Trigger or Line could be used. 

2. Set both Vertical Input Coupling switches to the same position, 
depending on the type of input. 

3. Set the Vertical MODE to Both; then select either ALT or CHOP, 
depending on the input frequency. 

4. Although not necessary, set both Volts/Div. and both Variable controls so 
that both traces are approximately the same height. 

5. Adjust the TRIGGER LEVEL to obtain a stable display. Typically set so 
that the beginning of the reference trace begins at approximately zero 
volts. 
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Figure E-12 Oscilloscope phase shift measurement. 
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6. Set the Time/Div. switch to display about one full cycle of the reference 
waveform. 

7. Use the Position controls, Time/Div. switch, and Variable time control so 
that the reference signal occupies exactly 8 horizontal divisions. The 
entire cycle of this waveform represents 360°, and each division of the 
graticule now represents 45° of the cycle. 

8. Measure the horizontal difference between corresponding points of each 
waveform on the horizontal graticule line, as shown in Fig. E-12. 

9. Calculate the phase shift by using the formula 


Phase shift = (no. of horizontal difference divisions) x 
(no. of degrees per division) 


As an example, Fig. E-12 displays a difference of 0.6 division at 45° per division. 
The phase shift = (0.6 div.) x (45°/div.) = 27°. 


DIGITAL (MENU-DRIVEN) OSCILLOSCOPES 


Digital, menu-driven oscilloscopes have replaced analog oscilloscopes in 
almost all electronic industries and educational facilities. In addition to being 
able to make the traditional voltage, time, and phase measurements, digital or 
menu-driven scopes can also store a measured waveform for later viewing. 
Digital scopes are also much smaller and weigh less than their analog counter- 
parts. These two advantages alone have prompted many schools and industries 
to make the switch from analog to digital scopes. 

Like any piece of test equipment, there is a learning curve involved before 
you will be totally comfortable operating a digital oscilloscope. The biggest 
challenge facing you will be familiarizing yourself with the vast number of 
menus and submenus of a digital scope to access its features and functions. But 
it’s not too bad once you sit down and start with some simple and straightfor- 
ward measurements. It’s always best if you can obtain the operating manual and 
educational materials for the digital scope you are learning to use. Keep these 
materials nearby so you can refer to them when you need help in making a 
measurement. This is not an uncommon practice, even for very experienced 
users of digital oscilloscopes. 

Figure E-13 shows a Tektronix TDS-2002 (2-channel) digital storage oscilloscope. 
This scope is similar to the ones used in Appendix F. What follows is a brief explana- 
tion of the scope’s vertical, horizontal, trigger, and menu and control buttons. 
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Figure E-13 Two-channel digital oscilloscope. 
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Vertical Controls (See Fig. E-13) 


CHS. 1 AND 2, AND CURSOR 1 AND 2 POSITION 

Positions the waveform vertically. When cursors are turned on and the cursor menu 
is displayed, these knobs position the cursors. (Note: Cursors are horizontal or verti- 
cal lines that can be moved up and down or left and right to make either voltage or 
time measurements.) 

CHS. 1 AND 2 AND MENU 


Displays the channel input menu selections and toggles the channel display on and off. 
VOLTS/DIV. (CHS. 1 AND 2) 
Selects calibrated scale factors also referred to as Volts/Div. settings. 


MATH MENU 


Displays waveform math operations menu and can also be used to toggle the math 
waveform on and off. 


Horizontal Controls (See Fig. E-13) 


POSITION 


Adjusts the horizontal position of both channels and math waveforms. The resolu- 
tion of this control varies with the time base. 


HORIZONTAL MENU 
Displays the horizontal menu. 


SEC/DIV 
Selects the horizontal Time/Div. setting (scale factor). 
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Trigger Controls (See Fig. E—13) 


LEVEL (AND HOLDOFF) 


This control has a dual purpose. As an edge trigger level control, it sets the 
amplitude level the signal must cross to cause an acquisition. As a holdoff con- 
trol, it sets the amount of time before another trigger event can be accepted. 
(Note: The term acquisition refers to the process of sampling signals from input 
channels, digitizing the samples, processing the results into data points, and 
assembling the data points into a waveform record. The waveform record is 
stored in memory.) 

TRIGGER MENU 


Displays the trigger menu. 


SET LEVEL TO 50% 


The trigger level is set to the vertical midpoint between the peaks of the trigger 
signal. 


FORCE TRIGGER 

Starts an acquisition regardless of an adequate trigger signal. This button has no 
effect if the acquisition is already stopped. 

TRIGGER VIEW 


Displays the trigger waveform in place of the channel waveform while the 
TRIGGER VIEW button is held down. You can use this to see how the trigger set- 
tings affect the trigger signal, such as trigger coupling. 


Menu and Control Buttons (See Fig. E—1 3) 


SAVE/RECALL 

Displays the save/recall menu for setups and waveforms. 
MEASURE 

Displays the automated measurements menu. 

ACQUIRE 

Displays the acquisition menu. 

DISPLAY 

Displays the display menu. 

CURSOR 


Displays the cursor menu. Vertical position controls adjust cursor position while 
displaying the cursor menu, and the cursors are turned on. Cursors remain displayed 
(unless turned off) after leaving the cursor menu but are not adjustable. 


UTILITY 
Displays the utility menus. 


AUTOSET 


Automatically sets the scopes controls to produce a usable display of the input 
signal. 


1180 Appendix E 


PRINT 

Starts print operations. 

RUN/STOP 

Starts and stops waveform acquisition. 


Since the complexity of the internal operation of a digital oscilloscope is based 
on many advanced topics that you have not yet covered, we will provide no further 
explanation of digital scopes in this appendix. 
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Introduction to Multisim 


Introduction 


In an effort to help the reader understand the concepts presented in this textbook, key 
examples and problems are presented through the use of computer simulation using 
Multisim. Multisim is an interactive circuit simulation software package that allows 
the user to view their circuit in schematic form while measuring the various parame- 
ters of the circuit. The ability to quickly create a schematic and then analyze the circuit 
through simulation makes Multisim a wonderful tool to help students understand the 
concepts covered in the study of electronics. In addition, Multisim provides the oppor- 
tunity to practice valuable troubleshooting skills through the use of the virtual test 
equipment without risking the safety of the student or damage to the equipment. 

This appendix will introduce the reader to the features of Multisim that directly 
relate to the study of DC, AC, and semiconductor electronics. The topics covered are: 


e Work Area 

e Opening a File 

e Running a Simulation 

e Saving a File 

e Components 

e Sources 

e Measurement Equipment 
e Circuit Examples 

e User Customization 

e Exporting Data to Excel 
e Adding Text and Graphics 


Work Area 


The power of this software lies in its simplicity. With just a few steps, a circuit can 
be either retrieved from disk or drawn from scratch and then simulated. The main 
screen, as shown in Fig. F—1, is divided into three areas: The drop-down menu, the 
tool bars, and the work area. 

The drop-down menu gives the user access to all the functions of the program, 
including the visual appearance of the work area. The visual appearance of the work 
area can be modified to suit the user’s needs. For example, the grid comprised of 
black dots can be removed and the color scheme can be modified, if the user intends 
to capture the schematic for use in printed documents. The Sheet Properties menu 
shown in Fig. F—3 is accessed by left mouse clicking on “Options” in the drop-down 
menu shown in Fig. F—2, or pressing <Alt><O> at the same time. 

The workspace tab provides access to the grid option, as shown in Fig. F-3. 
Multisim provides a layout grid to help align the various components. When the 
box is checked, the grid is displayed as a series of black dots. When the box is left 
unchecked, the functionality of the grid is still present, however, the dots are not 
visible. 

The Colors tab provides access to the various color schemes, as shown in 
Fig. F—4. If the schematic is going to be used in a printed document, the white 
background with black wires, components, and text tends to work very well. 
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Figure F-1 Main screen. 


quick access to specific 
tools within Multisim. 


Work Area: The circuit is constructed in this white area. 


simulation. Be sure to 
tum it on when you wish to 
view the instrument 
displays. The push button 
to the right of the switch 
pauses the simulation 
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provides quick access to 
the virtual instruments. 
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Figure F-3 Sheet Properties Workspace tab. 


Uncheck the box to 


remove the grid of black 
dots in the work area. 


V| Save as default 


2013 National Instruments. All rights reserved. Multisim is a registered trademark of National Instruments. 


Once the visual appearance of the work area is configured, it will remain that 
way until changed. Once this has been done, a new user need only access a few of 
the drop-down menus to create a circuit, run the simulation, and save the circuit for 
later use. As the user becomes familiar with the software program, they can access 
the various tools within this simulation package through the drop-down menu. Each 
of the drop-down menu main topics can be accessed by either a left mouse click or 
by pressing the <Alt> key and the underlined letter. For example, to access the File 
menu simply press <Alt><F> at the same time. The File menu will drop down, as 
shown in Fig. F—5. 

Initially, there are only two selections from the drop-down menu that need be 
mastered: Opening a file and saving a file. The rest of the menu options can be 
explored as time permits. 

The tool bars beneath the drop-down menu and on the right side of the work area 
provide access to the commonly used menu selections. Typically, a user will access 
them through the tool bars instead of the drop-down menus. The most important 
icon in the assorted tool bars is the on-off switch. The on-off switch starts and stops 
the simulation. The push button next to the on-off switch will cause the simulation 
to pause. Pressing the Pause button while the simulation is running allows the user 
to view a waveform or meter reading without the display changing. 


Opening a File 


The circuits referenced in this textbook are available on McGraw-Hill’s Connect. 
The files are divided into folders, one for each chapter. The name of the file provides 
a wealth of information to the user. 

Example: A typical file name would be “Ch 3 Problems 3-1.” The first part of the 
file name tells the user that the file is located in the folder labeled “Chapter 3.” The 
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Figure F-4 Sheet Properties Colors tab. 
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Figure F-5 File drop-down menu. 
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second part of the file name tells the user that it is question | out of the Problems 
section at the end of Chapter 3. 


To open a file, either left mouse click on the word “File” located on the drop- 
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Figure F-6 Opening a file. 


down menu bar and then left mouse click on the Open command or left mouse click 
on the open folder icon located on the tool bar, as shown in Fig. F-6. Both methods 
will cause the Open File dialog box shown in Fig. F-7 to open. Navigate to the 
appropriate chapter folder and retrieve the file needed. 
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Instruments. 


Figure F-8 Starting the simulation. 
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Running a Simulation 


Once the circuit is constructed in the work area, the simulation can be started by one 
of three ways: 


1. Select “Simulate” from the drop-down menu and then select “Run.” 
2. Press the <F5> key. 
3. Press the toggle switch with a left mouse click. 


All three of these methods are illustrated in Fig. F-8. 


Saving a File 


If the file has been modified, it needs to be saved under a new file name. As shown 
in Fig. F—-9, select “File”, located on the drop-down menu bar with a left mouse 
click, then select “Save As” from the drop-down menu. This will cause the “Save 
As” dialog box to open. Give the file a new name and press the Save button with a 
left mouse click. The process is demonstrated in Fig. F—10. 
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Figure F-9 “Save As...” screen. 
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Figure F-10 “Save As .. .“ dialog box. 
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Components 


There are two kinds of component models used in Multisim: Those modeled after 
actual components and those modeled after “ideal” components. Those modeled after 
ideal components are referred to as “virtual” components. There is a broad selection of 
virtual components available, as shown in Fig. F-11. The virtual components toolbar 
can be added to the top of the work area for ease of access, as shown in Fig. F-12. 
The difference between the two types of components resides in their rated val- 
ues. The virtual components can have any of their parameters varied, whereas those 
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Figure F-11 Virtual component list. 
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modeled after actual components are limited to real world values. For example, a 
virtual resistor can have any value resistance and percent tolerance, as shown in 
Fig. F-13. The configuration screen for each component can be opened by double 
left mouse click, selecting the component with a single left mouse click and then 
pressing <Ctrl><M> or selecting the component with a single left mouse click and 
then choosing “Properties” in the drop-down menu. 

The models of the actual resistors are available with tolerance values of 0, 0.1, 0.5, 
1, 2, 5, and 10%. The same is true for all other components modeled after real 


Figure F-12 Toolbar selection. 
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Figure F-13 Configuration screen for a virtual resistor. 
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components, as shown in Fig. F-14. This is especially important when the semicon- 
ductor devices are used in a simulation. Each of the models of actual semiconductors 
will function in accordance with their data sheets. These components will be listed by 
their actual device number as identified by the manufacturers. For example, a com- 
mon diode is the 1N4001. This diode, along with many others, can be found in the 


Figure F-14 Component listing for resistors. 
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Figure F-17 Potentiometer. 
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Figure F-15 Switches. 
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semiconductor library of actual components. The parameters of the actual compo- 
nent libraries can also be modified, but that requires an extensive understanding of 
component modeling and is beyond the scope of this appendix. 

If actual components are selected for a circuit to be simulated, the measured 
value may differ slightly from the calculated values as the software will utilize the 
tolerances to vary the results. If precise results are required, the virtual components 
can be set to specific values with a zero percent tolerance. 

Several of the components require interaction with the user. The two most com- 
monly used interactive components are the switch and the potentiometer. The move- 
ment of the switch is triggered by pressing the key associated with each switch, as 
shown in Fig. F—15. The key is selected while in the switch configuration screen, as 
shown in Fig. F—16. If two switches are assigned the same key, they both will move 
when the key is pressed. The DIP switch packs are available in two to ten switch 
configurations. Each individual switch within the switch pack is activated by either 
pressing the associated key or by a left mouse click. When the cursor is placed over 


Figure F-16 Switch configuration screen. 
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an individual switch within a switch pack, a white rectangle appears around the 
switch and the cursor changes into a pointing hand symbol. When the white rect- 
angle is present and the cursor resembles a pointing hand, a single left mouse click 
will cause the switch to change positions. The black dot on the switch pack signifies 
the ON position. 

The second commonly used component that requires interaction with the user is 
the potentiometer. The potentiometer will vary its resistance in predetermined steps 
with each key press. The pressing of the associated letter on the keyboard will increase 
the resistance and the pressing of the <Shift> key and the letter will decrease the 
resistance. A “slider” located to the right of the potentiometer can also be used to 
adjust the resistance value by dragging it with the mouse. As shown in Fig. F-17, the 
percent of the total resistance is displayed next to the potentiometer. The incremental 


1191 


2013 National Instruments. All rights reserved. Multisim is a 


registered trademark of National Instruments. 


Figure F-19 DC source as a battery. 
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Figure F-18 Potentiometer configuration screen. 
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increase or decrease of resistance is set by the user in the configuration screen. The 
associated key is also set in the configuration screen, as shown in Fig. F—18. 


Sources 


In the study of DC and AC electronics, the majority of the circuits include either a 
voltage or current source. There are two main types of voltage sources: DC and AC 
sources. The DC source can be represented two ways: As a battery in Fig. F-19 and 
as a voltage source. 

The voltage rating is fully adjustable. The default value is 12 V,,.. If the compo- 
nent is double clicked, the configuration screen shown in Fig. F—20 will open up and 
the voltage value can be changed. 

The voltage sources are used in semiconductor circuits to represent either a posi- 
tive or negative voltage source. Figure F—21 contains the +V ec voltage source used 
in transistor circuits. FET circuits will utilize the +V,,,, voltage source, as illustrated 
in Fig. F—22. 

Figure F—23 depicts the +V,, and the —V,,,, voltage sources. These sources are 
found in operational amplifier circuits. Operational amplifiers typically have two 
voltage sources: A negative (—V,,,) and a positive (+V_,) voltage source, as shown 
in Fig. F—24. 

The voltage rating is fully adjustable for all three voltage sources. The default 
value is +5 V,,. for Voc and Vpp. The default value for V,,, is —5 Vpc. If the compo- 
nent is double clicked, the configuration screen shown in Fig. F—25 will open up and 
the voltage value can be changed. 

The AC source can be represented as either a schematic symbol or it can take the 
form of a function generator. The schematic symbol for an AC source can represent 
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Figure F-21 V.. voltage source. 
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Figure F-22 Vp voltage source. 
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Figure F-23 Vec and Vg voltage 
sources. 
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Figure F-20 Configuration screen for the DC source. 
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Figure F-25 Vc configuration screen. 
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Figure F-26 AC sources. 
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either a power source or a signal voltage source. The amplitude of the power source 
will be given in RMS voltage (Vzys), Whereas the amplitude of the signal voltage 
source will be given in peak voltage (V,). 

The schematic symbols for the two AC sources, as shown in Fig. F—26, will include 
information about the AC source. This information will include the device reference 
number, Vys Value or V, value, frequency, and phase shift. These values are fully 
adjustable. The default values for the two sources are shown in Fig. F—26. If the com- 
ponent is double clicked, the configuration screen will open up and the values can 
be changed, as shown in Fig. F—27. 

Multisim provides two function generators: The generic model and the Agilent 
model. The Agilent model 33120A has the same functionality as the actual Agilent 
function generator. 

The generic function generator icon is shown in Fig. F—28, along with the con- 
figuration screen. The configuration screen is displayed when the function generator 
icon is double clicked. The generic function generator can produce three types of 
waveforms: Sinusoidal wave, triangular wave, and square wave. The frequency, duty 
cycle, amplitude, and DC offset are all fully adjustable. 


Figure F-27 Configuration screens for the two AC sources. 
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Figure F-28 Generic function generator and configuration screen. 
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Figure F-29 Agilent function generator. 


Figure F-30 DC current source. 
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The Agilent function generator is controlled via the front panel, as shown in 
Fig. F—29. The buttons are “pushed” by a left mouse click. The dial can be turned 
by dragging the mouse over it or by placing the cursor over it and spinning the wheel 
on the mouse. The latter is by far the preferred method. 

There are two types of current sources: DC and AC sources. The DC current 
source is represented as a circle with an upward pointing arrow in it. The arrow in 
Fig. F—30 represents the direction of current flow. The arrow can be pointed down- 
ward by rotating the symbol 180°. 

The current rating is fully adjustable. The default value is 1 A. If the component 
is double clicked, the configuration screen in Fig. F—31 will open up and the current 
value can be changed. 

The AC current source is represented as a circle with an upward pointing arrow. 
There is a sine wave across the arrow. The schematic symbol in Fig. F—32 will 
include information about the AC current source. This information will include the 
device reference number, amplitude (I,,), offset, frequency, and phase shift. These 
values are all fully adjustable. The default values are shown in Fig. F—33. If the 
component is double clicked, the configuration screen will open up and the values 
can be changed. 


1195 


Figure F-32 AC current source. 
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Figure F-31 DC current source configuration screen. 
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Multisim requires a ground to be present in the circuit in order for the simulation 
to function properly. In addition to the circuit, all instrumentation with an available 
ground connection must have that connection tied to ground. The circuit and instru- 
mentation can share a common ground point or individual ground symbols may be 
used. The schematic symbol for ground is shown in Fig. F—34. 


Measurement Equipment 


Multisim provides a wide assortment of measurement equipment. In the study of DC, 
AC, and semiconductor electronics, the three main pieces of measurement equipment 
are the digital multimeter, the oscilloscope, and the Bode plotter. The first two pieces 
of equipment are found in test labs across the world. The Bode plotter is a virtual 
device that automates the task of plotting voltage gain over a wide range of frequen- 
cies. This is usually done by taking many measurements and plotting the results in a 
spreadsheet. The Bode plotter automates this time-consuming process. 


MULTIMETERS 


There are two multimeters to choose from: The generic multimeter and the Agilent 
multimeter. The generic multimeter can measure current, voltage, resistance, and 
decibels. The meter can be used for both DC and AC measurements. The different 
functions of the meter are selected by double clicking on the icon to the left in 
Fig. F-35. The double mouse click will cause the multimeter face to be displayed. 
The different functions on the display can be selected by pushing the different 
buttons via a left mouse click. 
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Figure F-34 Ground. 


od 


Introduction to Multisim 


Figure F-33 AC current source configuration screen. 
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Figure F-35 Generic multimeter icon and meter display. 
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The Agilent multimeter icon and meter display are shown in Fig. F-36. The dis- 
play is brought up by double clicking on the Agilent multimeter icon. This multime- 
ter has the same functionality as the actual Agilent multimeter. The different 
functions are accessed by pushing the buttons. This is accomplished by left mouse 
clicking on the button. The input jacks on the right side of the meter display corre- 
spond to the five inputs on the icon. If something is connected to the icon, the asso- 
ciated jacks on the display will have a white “X” in them to show a connection. 
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Figure F-36 Agilent multimeter icon and meter display. 
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OSCILLOSCOPES 


There are three oscilloscopes to choose from: The generic oscilloscope, the Agilent 
oscilloscope, and the Tektronix oscilloscope. The generic oscilloscope shown in 
Fig. F-37 is a dual channel oscilloscope. The oscilloscope display is brought up by 
double clicking on the oscilloscope icon. The settings can be changed by left mouse 
clicking in each box and bringing up the scroll arrows. The color of the traces will 


Figure F-37 Generic oscilloscope icon and oscilloscope display. 
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Figure F-38 Agilent oscilloscope icon. Figure F-39 Agilent oscilloscope display. 
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match the color of the wire segments connecting the oscilloscope to the circuit. To 
change the color of the trace, right mouse click on the wire segment connecting the 
oscilloscope to the circuit and then select “color segment” from the Properties menu. 
Select the color for the wire segment and corresponding trace from the color palette. 

The Agilent oscilloscope icon in Fig. F-38 has all the functionality of the Model 
54622D dual channel oscilloscope. The Agilent oscilloscope is controlled via the front 
panel, as shown in Fig. F—39. The buttons are “pushed” by a left mouse click. Each 
dial can be turned by dragging the mouse over it or by placing the cursor over it and 
spinning the wheel on the mouse. The latter is by far the preferred method. 

The Tektronix oscilloscope icon shown in Fig. F—40 has all of the functionality 
of the Model TDS2024 four channel digital storage oscilloscope. The colors of the 
four channels are the same as the channel selection buttons on the display: Yellow, 
blue, purple, and green for channels one through four respectively. The Tektronix 
oscilloscope is controlled via the front panel, as seen in Fig. F-41. The buttons are 
“pushed” by a left mouse click. Each dial can be turned by dragging the mouse over 
it or by placing the cursor over it and spinning the wheel on the mouse. The latter is 
by far the preferred method. 


Ficure F-40 Tektronix oscilloscope 
icon. 
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Figure F-42 Voltage and current meters. 
VOLTAGE AND CURRENT METERS 


Multisim provides simple voltmeters and ammeters, as shown in Fig. F—42, for use 
when voltage or current need to be measured. These meters can be placed through- 
out the circuit. The meters are available in both vertical and horizontal orientation 
to match the layout of the circuit. The default is “DC.” If the meters are to be used 
for AC measurement, then the configuration screen shown in Fig. F-43 must be 
opened and that parameter changed to reflect AC measurement. To open the con- 
figuration screen, double mouse click on the meter. 


BODE PLOTTER 


The Bode plotter is used to view the frequency response of a circuit. In the actual lab 
setting, the circuit would be operated at a base frequency and the output of the circuit 
measured. The frequency would be incremented by a fixed amount and the 


Figure F-43 Voltmeter configuration screen. 
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Figure F-44 Bode plotter. 


Input Signal 


measurement repeated. After operating the circuit at a sufficient number of incremen- 
tal frequencies, the data would be graphed, with independent variable “frequency” on 
the x-axis and dependent variable “amplitude” on the y-axis. This process can be very 
time-consuming. Multisim provides a simpler method of determining the frequency 
response of a circuit through the use of the virtual Bode plotter. 

In Fig. F—44, the positive terminal of the input is connected to the applied signal 
source. The positive terminal of the output is connected to the output signal of the 
circuit. The other two terminals are connected to ground. The amplitude or fre- 
quency settings of the AC source do not matter; the AC source just needs to be in the 
circuit. The Bode plotter will provide the input signal. 


Figure F-45 Bode plotter display. 
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Circuit Examples 


EXAMPLE 1: VOLTAGE MEASUREMENT USING A VOLTMETER IN A SERIES DC 
CIRCUIT. 


A voltmeter in Fig. FR-46 is placed in parallel with the resistor to measure the voltage 
across it. The default is set for “DC” measurement. If AC is required, double mouse 
click on the meter to bring up the configuration screen. Every circuit must have a 
ground. Figure F—-47 contains a Quick Hint on the use of the voltmeter. 


EXAMPLE 2: VOLTAGE MEASUREMENT USING A GENERIC MULTIMETER INA 


SERIES DC CIRCUIT. 


A generic multimeter is placed in parallel with the resistor to measure the voltage 
across it. Be sure to double mouse click the generic multimeter icon to bring up the 
meter display, as shown in Fig. F-48. Press the appropriate buttons for “Voltage” and 


Figure F-46 DC voltage measurement with a voltmeter. 
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Figure F-48 DC voltage measurement with a generic multimeter. 
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Figure F-49 Generic multimeter Quick Hint. 
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then “DC” or “AC” measurement. Every circuit must have a ground. Figure F49 
contains a Quick Hint on the use of the generic multimeter. 


EXAMPLE 3: VOLTAGE MEASUREMENT USING AN AGILENT MULTIMETERINA 
SERIES DC CIRCUIT. 


In Fig. F—50, an Agilent multimeter is placed in parallel with the resistor to measure 
the voltage across it. Be sure to double click the Agilent multimeter icon to bring up 
the meter display. Press the appropriate buttons for “Voltage” and then “DC” or 
“AC” measurement. Every circuit must have a ground. Note the two white circles 
and black X’s on the right side of the display to indicate a connection to the meter. 
This instrument requires that its power button be pressed to “turn on” the meter. 
Figure F-51 contains a Quick Hint on the use of the Agilent multimeter. 
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Figure F-50 DC voltage measurement with an Agilent multimeter. 
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Figure F-51 Agilent multimeter Quick Hint. 
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Figure F-52 DC current measurement with an ammeter. 
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EXAMPLE 4: CURRENT MEASUREMENT USING AN AMMETER IN A SERIES 
DC CIRCUIT. 


In Fig. F—52, an ammeter is placed in series with the resistor and DC source to mea- 
sure the current flowing through the circuit. The default is set for “DC” measure- 
ment. If AC is required, double click on the meter to bring up the configuration 
screen. Every circuit must have a ground. Figure F-53 contains a Quick Hint on the 
use of the ammeter. 


EXAMPLE 5: CURRENT MEASUREMENT USING AGENERIC MULTIMETERINA 
SERIES DC CIRCUIT. 


In Fig. F—54, a generic multimeter is placed in series with the resistor and DC source 
to measure the current flowing through the circuit. Be sure to double click the generic 
multimeter icon to bring up the meter display. The current function is selected by click- 
ing on the “A” on the meter display. Since the source is DC, the DC function of the 
meter is also selected, as indicated by the depressed button. Every circuit must have a 
ground. Figure F-55 contains a Quick Hint on the use of the generic multimeter. 


Figure F-53  Ammeter Quick Hint. 
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Figure F-54 DC current measurement with a generic multimeter. 
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Figure F-55 Generic multimeter Quick Hint. 
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EXAMPLE 6: CURRENT MEASUREMENT USING AN AGILENT MULTIMETERINA 
SERIES DC CIRCUIT. 


In Fig. F—56, an Agilent multimeter is placed in series with the resistor and source 
to measure the current flowing through the circuit. Be sure to double click the Agi- 
lent multimeter icon to bring up the meter display. Selection of DC current measure- 
ment is the second function of the DC voltage measurement button. Be sure to press 
the “Shift” button to access the second function of the voltage button. Note the two 
white circles and black X’s on the right side of the display to indicate a connection 
to the meter. All circuits must have a ground. 

This instrument requires that its power button be pressed to “turn on” the meter. 
Figure F-57 contains a Quick Hint on the use of the Agilent multimeter for current 
measurement. 
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Figure F-56 DC current measurement with an Agilent multimeter. 
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Figure F-58 Voltage measurement with a generic oscilloscope. 


Figure F-59 Generic oscilloscope icon 
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EXAMPLE 7: VOLTAGE MEASUREMENT USING A GENERIC OSCILLOSCOPE IN A 
SERIES AC CIRCUIT. 


In Fig. F-58, channel 1 of the generic oscilloscope is connected to the positive side 
of the resistor. The ground connection of the scope and the circuit must be grounded. 
The oscilloscope will use this ground as a reference point. This generic oscillo- 
scope’s operation follows that of an actual oscilloscope. The oscilloscope display is 
brought up by mouse clicking on the oscilloscope icon. The settings can be changed 
by clicking in each box and bringing up the scroll arrows. Adjust the volts per divi- 
sion on the channel under measurement until the amplitude of the waveform fills the 
majority of the screen. Adjust the timebase such that a complete cycle or two are 
displayed. Figures 59, 60, and 61 contain Quick Hints on the use of the generic 
oscilloscope. 


EXAMPLE 8: VOLTAGE MEASUREMENT USING THE AGILENT OSCILLOSCOPE IN 
A SERIES AC CIRCUIT. 


In Fig. F—62, channel 1 of the Agilent oscilloscope is connected to the positive side 
of the resistor. The ground connection of the scope and the circuit must be grounded. 
The oscilloscope will use this ground as a reference point. This Agilent oscillo- 
scope’s operation follows that of a dual channel, +16 logic channel, 
100-MHz bandwidth Agilent Model 54622D oscilloscope. The oscilloscope dis- 
play, as shown in Fig. F—63, is brought up by mouse clicking on the oscilloscope 
icon. The settings can be changed by placing the mouse over the dials and spinning 
the mouse wheel or by “pressing” the buttons with a mouse click. Adjust the volts 
per division on the channel under measurement until the amplitude of the waveform 
fills the majority of the screen. Adjust the timebase in the Horizontal section such 
that a complete cycle or two are displayed. This instrument requires that its power 
button be pressed to “turn on” the oscilloscope. Figures F-64, F-65, and F-66 contain 
Quick Hints on the use of the Agilent oscilloscope. 


EXAMPLE 9: FREQUENCY AND VOLTAGE MEASUREMENT USING THE 
TEKTRONIX OSCILLOSCOPE IN A SERIES AC CIRCUIT. 


In Fig. F-67, channel 1 of the Tektronix oscilloscope is connected to the positive 
side of the resistor. The ground connection of the scope and the circuit must be 
grounded. The oscilloscope will use this ground as a reference point. The Tektronix 
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Figure F-60 Generic oscilloscope Quick Hint. 
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Figure F-61 Generic oscilloscope Quick Hint. 
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Figure F-62 Voltage measurement with an Agilent oscilloscope. 


Figure F-63 Agilent oscilloscope display. 
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Figure F-65 Agilent oscilloscope Quick Hint. 
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Figure F-66 Agilent oscilloscope Quick Hint. 
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Figure F-67 Voltage and frequency measurement with a Tektronix oscilloscope. 


oscilloscope has all of the functionality of the Model TDS2024 four channel digital 
storage oscilloscope. The oscilloscope display is brought up by mouse clicking on 
the oscilloscope icon. The settings can be changed by placing the mouse over the 
dials and spinning the mouse wheel or by “pressing” the buttons with a mouse click. 
Adjust the volts per division on the channel under measurement until the amplitude 
of the waveform fills the majority of the screen. Adjust the timebase in the Horizon- 
tal section such that a complete cycle or two of the waveform is displayed. This 
instrument requires that its power button be pressed to “turn on” the oscilloscope. 
The voltage and frequency can be measured by the user or by using the “Measure” 
function of the oscilloscope. 

Using volts per division and the seconds per division settings, the amplitude and 
frequency of the waveform in Fig. F—68 can be determined. The amplitude of the 
waveform is two divisions above zero volts. (The yellow arrow points to the zero 
reference point.) The volts per division setting is set to 500 mV per division. 
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Figure F-68 Measurement of the period of the waveform. 
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V_. = 4 divisions x 500 mV 
PP division 


Vp =2V 


The period of the waveform is measured to be 1 ms. Since frequency is the recip- 
rocal of the period, the frequency can be calculated. 


f= 1 kHz 


The Tektronix oscilloscope can also perform the voltage and frequency measure- 
ments automatically through the use of the “Measure” function. The four steps and 
the resulting display are shown in Figs. 69 and 70. The five steps to set up the 
oscilloscope to measure these values automatically are: 


1. Press the Measure button. 
2. Select the channel to be measured. 


Figure F-69 Tektronix oscilloscope measurement function set-up. 


ist Step 
Press the Measure 
button to activate 


2nd Step 


Select the channel 
to be measured. 
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Select the 
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be measured. 
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Return to the 
main screen.. 
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Figure F-71 Tektronix oscilloscope icon Quick Hint. 
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Figure F-72 Tektronix oscilloscope Quick Hint. 
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3. Select what is to be measured: View 
4. Return to the Main Screen. 
5. Repeat for other channels and or values. 


Frequency, etc. 


Figures 71, 72, and 73 contain Quick Hints on the use of the Tektronix oscilloscope. 


User Customization 


There are several changes to the base configuration of Multisim that will make it 
easier for you to use. Multisim uses a grid system to align the various components 
in the work area. When the program is first installed, the grid will be visible in the 
work area. It will appear as a pattern of dots, as shown in Fig. F—74. 

The grid pattern can be turned off in the Sheet Properties submenu of the Options 
menu. The grid will still be used to align the components, however the dots will not 
be visible. To access the Sheet Properties submenu, either press <Alt><O> or 
mouse click on “Options” in the drop-down menu at the top of the screen, as shown 
in Fig. F-75. 
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Figure F-73 Tektronix oscilloscope Quick Hint. 


Be sure to turn These dials move the traces This dial moves the traces left 
on the "Power" up and down on the screen. and right on the screen. 
button. 


2013 National Instruments. All rights reserved. Multisim is a registered 


trademark of National Instruments. 


Figure F-74 The work area with the grid displayed. 
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The Sheet Properties submenu shown in Fig. F—76 will allow the user to control 
the work area environment. The Workspace tab gives the user access to the grid 
controls, the sheet size, and orientation. 
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Figure F-75 Access to the Sheet Properties submenu. 
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Figure F-76 Workspace tab of the Sheet Properties submenu. 


The grid is displayed if this 
box is checked. Uncheck the 
box to remove the dots. 
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Figure F-77 Net names displayed. Figure F-78 The Sheet visibility tab of the Sheet Properties submenu. 
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The initial configuration of Multisim will display the Net names within the cir- 
cuit. The Net names are the numbers circled in red in Fig. F-77. 

If the Net names are a distraction, they can be turned off from within the Sheet 
Visibility tab of the Sheet Properties submenu, as shown in Fig. F—78. In addition to 
controlling the display of the Net names, this tab also gives the user access to which 
component parameters are displayed at the global level. The background color and the 
color of the various components and wiring are selected under the Colors tab of the 
Sheet Properties submenu, as shown in Fig. F—79. In addition to the default color 
combinations, a custom color scheme can be defined on this screen as well. 


Exporting Data to Excel 


The Bode plotter and the oscilloscope were introduced in the Measurement Equip- 
ment section. Although the displays of the Bode plotter and the oscilloscope are quite 
informative, it may be useful to have the data in numerical form for further analysis. 
After the Bode plotter simulation is run or a waveform is viewed on the oscilloscope, 
the data can be viewed in the Grapher. The Grapher is located in the View pull-down 
menu. To access the View menu, either press <Alt><V> or mouse click on “View” 
in the drop-down menu at the top of the screen, as shown in Fig. F-80. 

If Excel is also loaded on the computer, the data used to generate the plot in the 
Grapher can be exported to an Excel worksheet for further analysis. The plot to be 
exported must be selected by mouse clicking on it. The red indicator arrow on the 
Grapher screen, as shown in Fig. F—81, points to the plot to be exported. 
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Figure F-79 The Colors tab of the Sheet Properties submenu. 
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Figure F-80 The View menu provides access to the Grapher. 
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Figure F-81 The Grapher. 
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Once the plot is selected, the data can be exported to an Excel worksheet by 
mouse clicking on the Excel icon in the upper right hand side of the tool bar, as 
shown in Fig. F-81. The export feature will create a new worksheet with the X and 
Y data in adjacent columns. Figure F—82 shows data from the generic oscilloscope 
captured by the Grapher. 


Figure F-82 Exporting oscilloscope data to Excel. 
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Figure F-83 Select the trace for export. 


¥ Trace 1::[Channel A] 
[C Trace 2::[Channel B] 
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Figure F-84 A new Excel worksheet will be created. 
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The x- and y-coordinates of the grapher's trace 
will be placed in the adjacent two columns on the worksheet. 
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Once the “Export to Excel” icon is mouse clicked, Multisim will prompt the user 
for the desired trace to be exported, as shown in Fig. F-83. Once the desired trace 
has been selected, you will be prompted to create a new Microsoft Excel worksheet, 
as shown in Fig. F—84. As part of the export process, Excel will be started and a new 
worksheet will be created with the data from the x-axis in column A and the data 
from the y-axis in column B. This is shown in Fig. F—85. The data used to create the 
waveform within Multisim can now be examined using the analytical capabilities 
of Excel. 


Adding Text and Graphics 


Simply constructing the circuit and running the simulation is only part of the overall 
process. It is also very important to create circuits that include information that 
clearly explains what is taking place. Both annotation and graphics can be added to 
a circuit schematic to aid in the understanding of it by the viewer. To add text to the 
work area, either press <Ctrl + Alt + A> or mouse click on “Place” in the drop-down 
menu at the top of the screen, as shown in Fig. F-86. Move the cursor to the location 
within the work area where the text should begin and click the left mouse button 
once. To exit the “text edit” mode after the text has been entered, mouse click any- 
where on the work area. The text can be edited by double mouse clicking on the text. 
The text can be repositioned in the work area by placing the cursor over the text, 
holding down the left mouse button and dragging the text its new location. 

Basic drawing tools are available to annotate the work area. The option to import 
a picture into the work area is also accessible from the “Graphics” dialog box. As 
shown in Fig. F—87, select “Place” with a mouse click located on the drop-down 
menu bar, and then select “Graphics” from the drop-down menu. This will cause the 
“Graphics” dialog box to open. The default file format for pictures to be inserted 
into the drawing is bitmap (.bmp). 
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Figure F-85 The Excel worksheet with exported data. 
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Figure F-86 Placing text in the work area. 


leas gS | & ‘Component... Ctrl+W 
| + w p g t 4© Junction Ctrl+J 
— = ieuws 
t 
J Bus Ctrl+U 
Connectors 
New hierarchical block... 
Te Hierarchical block from file... Ctr+H 
Replace by hierarchical block... Ctrl+Shift+H 
New subcircuit... Ctrl+B 
Replace by subcircuit... Ctrl+Shift+B 
New PLD subcircuit... 
New PLD hierarchical block... 
Multi-page... 
Bus vector connect... 


ra 


Graphics 


ON 


mn re r 
>- || © ats 


-lalx| 
A is | % g |y « »-| Se?) Cm m] 
or] bine o pua] SS aaacB 


a ee a ee a A) 


Title block... 
= Place Ladder Rungs 


i3 
=i 
aa 
5 
x 
= 
- 
= 
= 
E 
i] 
m 
= 
=j 
-= 
a 
ay 
E 
vg 
eo 
y 
£ 


Introduction to Multisim 


4 m, r 
EF) Design * i: 
Designt: Simulating... EEN OnE 


2013 National Instruments. All rights reserved. Multisim is a registered trademark of National Instruments. 


1221 


Figure F-87 Placing graphics in the work area. 
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The default picture 
extension is .bmp. 


Once the lines or shapes are drawn, they can be modified or repositioned. A 
right mouse click on a line or shape will cause the Edit menu to open, as shown in 
Fig. F—88. The properties of the object can be changed in the Edit menu. The line or 
shape can be repositioned by placing the cursor over the object and holding the left 
mouse button down while it is dragged to its new location. 

The text and graphics tools within Multisim provide the ability to add graphics 
and text to the work area. This feature enhances the readability of the schematic, 
especially when it is going to be used in a laboratory report. Figure F—89 provides 
an example of an annotated schematic that could be used within a laboratory report. 
Notice how the addition of the color, text, and graphics helps document what is 
being measured within the circuit. 


Conclusion 


Multisim is an interactive circuit simulation package that allows the user to view 
their circuit in schematic form while measuring the various parameters of the cir- 
cuit. The ability to create a schematic quickly and then analyze the circuit through 
simulation makes Multisim a wonderful tool for students studying the concepts 
covered in this textbook. 
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Figure F-88 = Modifying the graphics in the work area. 
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This meter measures 
the diode current. 


This meter measures 
the diode voltage. 
Figure 5.1 5 Ì 


Parts List 
1 each, 220 Ohm 5% resistor 
1 each, 1N4001 diode 


Equipment List 
1 each, DC Power Supply 
2 each, Digital Multimeters 
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g Appendix G 


Electrostatic Discharge 
(ESD) 


Static electric charge, or static electricity as it is commonly known, refers to elec- 
tric charge that is motionless or stationary. Static electric charge is deposited or 
stored on materials with insulating or non-conductive properties. The effects of 
static electricity are much more prevalent when the relative humidity is low. Higher 
levels of relative humidity (moisture) result in a conductive layer on the surface of 
the material, which allows electric charge to bleed off rather than be stored. 

If a person walks across a carpeted room, or similar surface, in the winter, when 
the air is cold and dry, the soles of their shoes sliding across the floor results in a 
separation of electric charge. Electrons are either added or removed from the sole of 
the shoe. This accumulation of static electric charge results in a build-up of potential 
difference or voltage. The potential difference is usually several thousand volts but 
can be as high as 50 to 100 kilovolts (kV). When the person walking across the 
carpeted room touches a metal door knob, or some other metal object, an electro- 
static discharge (ESD) will occur. Usually, ESD produces a shock, and in some 
cases a bluish spark can be seen. ESD, which is a transfer of electric charge, is pos- 
sible any time two dissimilarly charged objects are in close proximity to each other. 
The transfer of electric charge neutralizes both objects. Although ESD may seem 
harmless at first, its effect is highly undesirable. First, there is the annoying shock 
that causes discomfort and/or mild pain. Second, ESD can damage and/or com- 
pletely destroy sensitive electronic components. If these components are mounted 
on a printed circuit (PC) board, not only will the device itself be damaged (or 
destroyed) but it could also render the entire PC board useless. This could, and prob- 
ably will, result in total system failure. The component most sensitive to damage by 
ESD is the metal-oxide semiconductor field effect transistor (MOSFET). There 
are many different types of electronic components that are sensitive to damage by 
ESD, but MOSFETs are by far the most sensitive. 

It is worth noting that many sensitive electronic components can be partially 
damaged or completely destroyed by voltages of 100 V or less. However, most 
people will not even feel a shock from ESD unless the potential difference or voltage 
is greater than about 2 to 3 kV. Furthermore, ESD damage to an electronic compo- 
nent is not something you can normally see, not even under a microscope. And 
finally, an ESD damaged electronic component and/or assembly may work fine 
initially but fail after it has been in the field for a while. Because ESD can do so 
much damage, special precautionary measures must be taken when handling sensi- 
tive electronic components. 


How to Prevent ESD 


ESD can be avoided by preventing the build-up of static electric charge on noncon- 
ductive surfaces (insulators). When handling, testing, or servicing sensitive elec- 
tronic equipment and/or components, the best practice is to use an ESD-protected 
workstation, like the one shown in Fig. G—1. The work surface mat, as well as the 
floor mat, is made of a special static-dissipative material. Both the work surface mat 
and floor mat are tied to the same earth ground connection via a 1 MQ resistor. The 
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Figure G-1  ESD-protected work station. 
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surface of the static-dissipative material has a resistance that falls somewhere within 
the range of 1 x 10°57 to 1 x 10” $, where “sq” refers to a specific square area on 
the mat. This level of conductivity allows static electric charge to bleed-off slowly 
to ground. Also included at the ESD-protected workstation is a wrist strap. As the 
name implies, the wrist strap is worn around the wrist of the person at the worksta- 
tion. The wrist strap itself is conductive and must be in direct contact with the skin 
of the person wearing it. For safety purposes, the cord of the wrist strap has a built- 
in 1 MQ resistor, which is also connected to earth ground. The purpose of the 
grounded wrist strap is to continually bleed-off static electric charge from the body 
that may result from normal body motion. 

The main reason the resistance of the work surface (the static-dissipative mate- 
rial) is very high rather than very low is for safety reasons. If high voltage is present 
in the electronic equipment being serviced, touching both a highly conductive work 
surface and a high-voltage source at the same time could be potentially dangerous 
or fatal. Accordingly, safety precautions necessitate that a high-resistance rather 
than a low-resistance work surface be used. The other reason for using a high- 
resistance material for the work surface is that the static electric charge will be dis- 
sipated more slowly rather than too quickly. If the discharge is too quick or sudden, 
it can produce a spark and thereby damage sensitive electronic components. The 
1 MQ resistor in the cord of the wrist strap provides electrical safety for the person 
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Figure G-2 (a) Symbol indicating an ESD sensitive component or assembly. (b) Symbol indicating a component or assembly is ESD 


protected. 
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(b) 


attached to the wrist strap. If the wrist strap were connected directly to earth ground, 
without the 1 MQ resistor, a major electric shock could occur if the person con- 
nected to the wrist strap accidentally comes into contact with a high-voltage source. 

Besides an ESD-protected workstation, there are several other precautions that are 
followed to prevent or eliminate the damaging effects of ESD. For example, in a manu- 
facturing plant or facility, personnel handling ESD-sensitive components often wear 
anti-static heel straps. (See Fig. G-1.) An anti-static heel strap consists of a hook and 
loop enclosure, which attaches to the heel of the shoe, and a 20-inch conductive ribbon. 
The hook and loop enclosure are Velcroed around the heel of the person’s shoe so that 
it makes direct contact with the plant floor. (The floors in most manufacturing facilities 
are intentionally designed to be conductive, and have a resistance similar to that of the 
static-dissipative mats at an ESD workbench.) The conductive ribbon, which has a 
built-in 1 MQ resistor, is then tucked into the person’s sock so that it makes direct con- 
tact with their skin. The use of anti-static heel straps is an effective way of bleeding off 
static electric charge from a person’s body when walking on the plant floor. Anti-static 
heel straps should be worn on both shoes to provide consistent grounding while in 
motion. Also, special clothing, which does not generate static electricity, is also worn 
when working with ESD sensitive components or assemblies. 


ESD Symbols 


In the electronics industry, certain symbols are used to identify products that require 
special ESD handling precautions. The symbol shown in Fig. G—2a, for example, 
shows a slash through a hand inside of a triangle. This symbol appears on packages, 
boxes or other containers with ESD-sensitive devices or assemblies. When you see 
this symbol, you know that you must handle this package with the appropriate ESD 
precautions. When ESD-sensitive components or assemblies are placed in boxes for 
shipping, this symbol is used along with the following statement on the box: “Elec- 
trostatic sensitive devices, observe precautions when handling”. 

Another symbol, shown in Fig. G—2b, shows a hand inside of a triangle but with 
an arc over the top of it. The arc means “ESD protected.” This symbol is often 
placed on chairs, mats, wrist straps and clothing, and so forth that are ESD safe. 

In industry, most people working with ESD-sensitive components and assem- 
blies undergo special training regarding how to recognize and handle ESD-sensitive 
devices. Without the proper training, millions of dollars of electronic components 
and assemblies can be permanently damaged or completely destroyed. 
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A 


AC See alternating current. 

AC beta The ratio of AC collector current, i,, to 
AC base current, i, or f = E 

b 

AC effective resistance, R, The resistance of a 
coil for higher-frequency alternating current. 
The value of R, is more than the DC 
resistance of the coil because it includes the 
losses associated with high-frequency 
alternating current in a coil. These losses 
include skin effect, eddy currents, and 
hysteresis losses. 

AC equivalent circuit A circuit as it appears to 
an AC signal. In an AC equivalent circuit, 
all capacitors and voltage sources appear as 
shorts. 

AC load line A graph that shows all the possible 
values of J, and Vog when a transistor 
amplifier is driven by an AC signal. 

AC load power, P, The AC power that is 
dissipated by the load, R,. 

AC resistance of a diode The equivalent 
resistance of a forward-biased diode as it 
appears to small AC signals. For a standard 

25 mV 

l 


a transistor, r’, = 25 Py, 
E 


active component One that can control voltage or 
current. Examples are transistors and diodes. 

active filter A filter that uses components or 
devices that have the ability to amplify such 
as transistors and op amps. 

active region The region of operation where the 
collector of a transistor acts like a current 


diode, rc = . For the emitter diode in 


source. 

acute angle Less than 90°. 

A/D converter A device that converts analog 
input signals to digital output. 

admittance (Y) Reciprocal of impedance Z in 
AC circuits. Y = 1/Z. 

air gap Air space between poles of a magnet. 

alkaline cell or battery One that uses alkaline 
electrolyte. 

alternating current (AC) Current that reverses 
direction at a regular rate. Alternating 
voltage reverses in polarity. The rate of 
reversals is the frequency. 

alternation One-half cycle of revolution of a 
conductor loop rotating through a magnetic 
field. This corresponds to one-half cycle of 
alternating voltage or current. 

alternator AC generator. 
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amp-clamp probe A meter that can measure AC 
currents, generally from the 60-Hz AC power 
line, without breaking open the circuit. The 
probe of the meter is actually a clamp that fits 
around the current-carrying conductor. 


ampere The basic unit of current. 1 A = +E 
orlA= Io 


ampere-hour (A'h) rating A common rating for 
batteries that indicates how much load 
current a battery can supply over a specified 
discharge time. For example, a battery with 
a 100-A-h rating can deliver 1 A for 100 h or 
2 A for 50 h, 4 A for 25 h, etc. 

ampere-turn (A't) Unit of magnetizing force 
equal to 1 A x 1 turn. 


ampere turns/meter (Aq The SI unit of field 
intensity, H. 

analog multimeter A test instrument that is 
used to make voltage, current, and resistance 
measurements. An analog multimeter uses a 
moving pointer and a printed scale to display 
the value of the measured quantity. 

antiresonance A term to describe the condition 
of unity power factor in a parallel LC circuit. 
Antiresonance is used to distinguish it from 
the case of equal X, and Xe values in a series 
LC circuit. 

apparent power The product of voltage and 
current VA when V and / are out of phase. 

arctangent (arctan) An inverse trigonometric 
function that specifies the angle, 0, 
corresponding to a given tangent (tan) value. 

armature The part of a generator in which the 
voltage is produced. In a motor, it is 
commonly the rotating member. Also, the 
movable part of a relay. 

asymmetrical JFET A JFET that has its gate 
regions offset from the center of the channel. 
With an asymmetrical JFET, the drain and 
source leads cannot be interchanged. 

atom The smallest particle of an element that still 
has the same characteristics as the element. 

atomic number The number of protons, balanced 
by an equal number of electrons, in an atom. 

attenuation A term that refers to a reduction in 
signal amplitude. 

audio frequency (af) Within the range of 
hearing, approximately 16 to 16,000 Hz. 

autotransformer A single, tapped winding used 
to step up or step down voltage. 

avalanche The effect that causes a sharp increase 
in reverse current, J, when the reverse-bias 
voltage across a diode becomes excessive. 


average value In sine-wave AC voltage or 
current, 0.637 of peak value. 


B 


B-H magnetization curve A graph of field 
intensity H versus flux density B. 

back-off ohmmeter scale Ohmmeter readings 
from right to left. 

balanced bridge A circuit consisting of two 
series strings in parallel. The balanced 
condition occurs when the voltage ratio in 
each series string is identical. The output 
from the bridge is taken between the centers 
of each series string. When the voltage ratios 
in each series string are identical, the output 
voltage is zero and the bridge circuit is said 
to be balanced. 

balanced load A wye (Y)- or delta-connected 
load in which each individual load 
impedance is identical. 

band-pass filter Filter that allows coupling a 
band of frequencies to the load. 

band-stop filter Filter that prevents a band of 
frequencies from being coupled to the load. 

bandwidth A range of frequencies that has a 
resonant effect in LC circuits. 

bank Components connected in parallel. 

banks in series Parallel resistor banks that are 
connected in series with each other. 

barrier potential, V The potential difference at 
the p-n junction of a diode. V, exists between 
the wall of positive and negative ions that are 
created as a result of free electrons diffusing 
from the n-side of the diode to the p-side. 

base A thin and very lightly doped region in a 
transistor. The base is sandwiched between 
the emitter and collector regions. 

battery Group of cells connected in series or 
parallel. 

bias A control voltage or current. 

bidirectional diode thyristor Another name for 
a diac. 

bilateral components Electronic components 
that have the same current for opposite 
polarities of applied voltage. 

bleeder current Steady current from a source 
used to stabilize output voltage with changes 
in load current. 

branch Part of a parallel circuit. 

breakdown region The region of transistor 
operation where a large undesired collector 
current flows as a result of the collector-base 
diode breaking down due to excessive 
reverse-bias voltage. 
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breakdown voltage, V,, The reverse-bias 
voltage at which the avalanche effect occurs. 
The avalanche effect causes the reverse 
current, Jg, to increase sharply. 

brushes In a motor or generator, devices that 
provide stationary connections to the rotor. 

bulk resistance, r, The resistance of the p andn 
materials in a diode. 

bypass capacitor One that has very low 
reactance in a parallel path. 


C 


C Symbol for capacitance. 

C Abbreviation for coulomb, the unit of electric 
charge. 

calorie Amount of heat energy needed to raise 
the temperature of one gram of water by 
IPC: 

capacitance The ability to store electric charge. 

capacitive reactance, X, A measure of a 
capacitor’s opposition to the flow of 
alternating current. Xo is measured in 


l Je X applies 

2 afC ie 
only to sine-wave AC circuits. 

capacitive voltage divider A voltage divider 
that consists of series-connected 
capacitors. The amount of voltage across 
each capacitor is inversely proportional to its 
capacitance value. 

capacitor Device used to store electric charge. 

carbon-composition resistors Resistors made 
of finely divided carbon or graphite mixed 
with a powdered insulating material. 

carbon-film resistors Resistors made by 
depositing a thin layer of carbon on an 
insulated substrate. The carbon film is cut in 
the form of a spiral. 

Celsius scale (°C) Temperature scale that uses 
0° for the freezing point of water and 100° 
for the boiling point. Formerly called 
centigrade. 

ceramic Insulator with a high dielectric 
constant. 

cgs Centimeter-gram-second system of units. 

channel The area or conducting region between 
the drain and source terminals of an FET. 
The channel can be made of either n-type or 
p-type semiconductor material. 

charging (1) The effect of increasing the amount 
of charge stored in a capacitor. The 
accumulation of stored charge results in a 
buildup of voltage across the capacitor. 

(2) The process of reversing the current, and 
thus the chemical action, in a cell or battery 
to re-form the electrodes. 

charging current The current that flows to and 
from the plates of a capacitor as the charge 
stored by the dielectric increases. 

chassis ground Common return for all 
electronic circuits mounted on one metal 
chassis or PC board. Usually connects to one 
side of DC supply voltage. 

chip capacitor A surface-mounted capacitor. 

choke Inductance with high X, compared with 
the R of the circuit. 

circuit A path for current flow. 


ohms. Xc = or Xo = 
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circuit breaker A protective device that opens 
when excessive current flows in circuit. Can 
be reset. 

circular mil (cmil) Cross-sectional area of round 
wire with diameter of 1 mil or 0.001 in. 

class A amplifier An amplifier in which the 
collector current, Ic, flows for the full 360° 
of the AC input cycle. 

class B amplifier An amplifier in which the 
collector current, Ic, flows for only 180° of 
the AC input cycle. 

class B push-pull amplifier A class B amplifier 
that uses two transistors to reproduce the full 
AC cycle of input votlage. Each transistor 
conducts on opposite half-cycles of the input 
voltage. 

class C amplifier An amplifier in which the 
collector current, Ic, flows for 120° or less of 
the AC input cycle. 

closed-loop cutoff frequency, fa The 
frequency at which the closed-loop voltage 
gain decreases to 70.7% of its maximum 
value. 

closed-loop voltage gain, Aa, The voltage gain 
of an amplifier with negative feedback. 

coaxial cable An inner conductor surrounded 
by an outer conductor that serves as a 
shield. 

coding of capacitors The method used to 
indicate the value of a capacitor. 

coefficient of coupling, k The fraction of total 
flux from one coil linking another coil 
nearby. 

coil Turns of wire conductor to concentrate a 
magnetic field. 

collector A large, moderately doped region in a 
transistor. The collector is the largest of all 
three transistor regions because it dissipates 
the most heat. 

color code System in which colors are used to 
indicate values in resistors. 

common-base amplifier A transistor amplifier 
that has its input applied to the emitter and 
its output taken from the collector. The 
common-base amplifier provides a high 
voltage and power gain but its current gain is 
less than 1. 

common-collector amplifier A transistor 
amplifier that has its input applied to the 
base and its output taken from the emitter. 
The common-collector amplifier provides a 
high current and power gain but its voltage 
gain is less than 1. 

common-drain amplifier An amplifier that has 
its input applied to the gate and its output 
taken from the source. Another name for the 
common-drain amplifier is the source 
follower. 

common-emitter amplifier A transistor 
amplifier that has its input applied to the 
base and its output taken from the collector. 
The common-emitter amplifier provides a 
high voltage and current gain and a very 
high power gain. 

common-gate amplifier An amplifier that has 
its input applied to the source and its output 
taken from the drain. 


common-mode input An identical input voltage 
appearing on both inputs of a differential 
amplifier. 

common-mode rejection ratio (CMRR) The 
ratio of differential voltage gain, Aa, to 
common mode voltage gain, Acu. CMRR is 
usually specified in decibels. 

common-mode voltage gain, A,y The voltage 
gain of a differential amplifier for a 
common-mode signal. 

common-source amplifier An amplifier that has 
its input applied to the gate and its output 
taken from the drain. 

commutator Converts reversing polarities to 
one polarity. 

comparator An op-amp circuit that compares 
the signal voltage on one input with a 
reference voltage on the other. 

complex number Has real and j terms; uses 
form A + jB. 

compound A combination of two or more 
elements. 

condenser Another (older) name for a capacitor. 

conductance (G) Ability to conduct current. It 
is the reciprocal of resistance, G = 1/R. The 
unit is the siemens (S). 

conductor Any material that allows the free 
movement of electric charges, such as 
electrons, to provide an electric current. 

constant-current source A generator whose 
internal resistance is very high compared 
with the load resistance. Since its internal 
resistance is so high, it can supply a constant 
current to a load whose resistance value 
varies over a wide range. 

constant-voltage source A generator whose 
internal resistance is very low compared 
with the load resistance. Since its internal 
resistance is so low, it can supply a constant 
voltage to a load whose resistance value 
varies over a wide range. 

continuity Continuous path for current. Reading 
of zero ohms with an ohmmeter. 

continuity testing A resistance measurement 
that determines whether there is zero ohms 
of resistance (approximately) between two 
points, such as across the ends of a wire 
conductor. 

conventional current The direction of current 
flow associated with positive charges in 
motion. The current flow direction is from 
a positive to a negative potential, which 
is in the opposite direction of electron 
flow. 

corona effect Effect of ionization of air around 
a point at high potential. 

cosine A trigonometric function of an angle, 
equal to the ratio of the adjacent side to the 
hypotenuse in a right triangle. 

cosine wave One whose amplitudes vary as the 
cosine function of an angle. It is 90° out of 
phase with the sine wave. 

coulomb (C) Unit of electric charge. 
1 C = 6.25 x 10" electrons. 

counter emf (cemf) A term used to describe the 
effect of an induced voltage in opposing a 
change in current. 
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coupling capacitor Has very low X; in series 
path. 

covalent bond Pairing of atoms with electron 
valence of +4. 

covalent bonding The sharing of valence 
electrons between neighboring atoms in a 
silicon crystal or other crystalline structure. 

cps Cycles per second. Formerly used as unit of 
frequency. Replaced by hertz (Hz) unit, 
where | Hz = 1 cps. 

crossover distortion The distortion that occurs 
in a class B push-pull amplifier when the 
transistors are biased right at cutoff. When 
the input voltage crosses through zero both 
transistors in the push-pull amplifier are off 
and the output voltage cannot follow the 
input voltage. 

CRT Cathode-ray tube. A device that converts 
electric signals to a visual display on a 
fluorescent screen. 

crystal filter A filter that is made up of a 
crystalline material such as quartz. Crystal 
filters are often used in place of conventional 
LC circuits because there Q is so much 
higher. 

Curie temperature The temperature at which a 
magnetic material loses its ferromagnetic 
properties. 

current A movement of electric charges around 
a closed path or circuit. 

current divider A parallel circuit to provide 
branch / less than the main-line current. 

current gain, A; The ratio of output current to 
input current in a transistor amplifier. 

current source Supplies / = V/r, to load with r, 
in parallel. 

current-source region The region of operation 
in which the drain of a JFET acts as a 
current source. The current-source region of 
operation exists when Vps > Vp- 

cutoff The region of transistor operation where 
the collector current, Ic, is zero. 

cutoff frequency The frequency at which the 
attenuation of a filter reduces the output 
amplitude to 70.7% of its value in the passband. 

cycle One complete set of values for a repetitive 
waveform. 


D 


damping Reducing the Q of a resonant circuit to 
increase the bandwidth. 

D’Arsonval meter A DC analog meter movement 
commonly used in ammeters and voltmeters. 

dB Abbreviation for decibel. Equals 10 times the 
logarithm of the ratio of two power levels. 

DC See direct current. 

DC alpha, Aye The ratio of collector current, Ic, 


to emitter current, /,, in a transistor; 
-k 
Apc = 7 
E 


DC beta, poc The ratio of collector current, Ic, to 


ae 
I 
DC input power, P.. The amount of DC power 


dissipated by a transistor amplifier. 


base current, /,, in a transistor; Jpc = 
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DC load line A graph that shows all of the 
possible values of J, and Vo for a given 
transistor amplifier. The endpoints of the DC 
load line are Tesa aNd Veeco Which represent 
the values of J, and Vog when the transistor 
is in saturation and cutoff. 

decade A 10:1 range of values. 

decade resistance box A unit for providing any 
resistance within a wide range of values. 

decibel See dB. 

decimal notation Numbers that are written in 
standard form without using powers of 
10 notation. 

degaussing Demagnetizing by applying an AC 
field and gradually reducing it to zero. 

delta (A) network Three components 
connected in series in a closed loop. Same as 
pi (z) network. 

depletion mode The mode of operation for a 
MOSFET in which the polarity of Vos 
causes the drain current to be reduced as the 
channel becomes depleted of available 
charge carriers. 

depletion zone The area located at the p-n 
junction of a diode that is void or depleted of 
all charge carriers. 

derating curve A graph showing how the power 
rating of a resistor decreases as its operating 
temperature increases. 

derating factor The amount that the power 
rating of a transistor must be reduced for 
each degree Celsius above 25°C. The 
derating factor is specified in W/°C. 

diac A bidirectional semiconductor device that 
conducts when the voltage across its 
terminals reaches the breakover voltage 
+V,9. Once conducting the voltage across 
the diac drops to a very low value. 

diamagnetic Material that can be weakly 
magnetized in the direction opposite from 
the magnetizing field. 

dielectric Another name for insulator. 

dielectric absorption The inability of a 
capacitor to completely discharge to zero. 
Dielectric absorption is sometimes called 
battery action or capacitor memory. 

dielectric constant Ability to concentrate the 
electric field in a dielectric. 

dielectric material Insulating material. It cannot 
conduct current but does store charge. 

dielectric strength The ability of a dielectric to 
withstand a potential difference without 
internal arcing. 

differential input voltage, V, The voltage 
difference between the two inputs applied to 
a differential amplifier. 

differential voltage gain, A, The ratio of 
output voltage, Vw to differential input 
voltage, Va- 

differentiator An RC circuit with a short time 
constant for pulses across R. 

digital multimeter (DMM) A popular test 
instrument that is used to measure voltage, 
current, and resistance. 

diode A unidirectional device that allows current 
to flow through it in only one direction. 


diode bias A form of biasing for class B push-pull 
amplifiers that uses diodes to provide a slight 
amount of forward bias for the base-emitter 
junctions of each transistor. 

direct current (DC) Current that flows in only 
one direction. DC voltage has a steady 
polarity that does not reverse. 

discharge current The current that flows to and 
from the plates of a capacitor as the charge 
stored by the dielectric decreases. 

discharging (1) The action of neutralizing the 
charge stored in a capacitor by connecting a 
conducting path across the capacitor leads. 
(2) The process of neutralizing the separated 
charges on the electrodes of a cell or battery 
as a result of supplying current to a load 
resistance. 

DMM See digital multimeter. 

doping The process of adding impurity atoms to a 
pure semiconductor material such as silicon. 

double-subscript notation A notational system 
that identifies the points in the circuit 
where a voltage measurement is to be taken, 
i.e.; Vag. The first letter in the subscript 
indicates the point in the circuit where the 
measurement is to be taken whereas the 
second letter indicates the point of reference. 

DPDT Double-pole double-throw switch or relay 
contacts. 

DPST Double-pole single-throw switch or relay 
contacts. 

drain One of the three leads of an FET. The 
drain lead connects to one end of the 
conducting channel. 

dynamometer Type of AC meter, generally for 
60 Hz. 


E 


earth ground A direct connection to the earth 
usually made by driving copper rods into 
the earth and then connecting the ground 
wire of an electrical system to this point. 
The earth ground connection can serve as 
a common return path for the current in a 
circuit. 

eddy current Circulating current induced in the 
iron core of an inductor by AC variations of 
magnetic flux. 

effective value For sine-wave AC waveform, 
0.707 of peak value. Corresponds to heating 
effect of same DC value. Also called rms 
value. 

efficiency Ratio of power output to power 
input x 100%. 

EIA Electronic Industries Alliance. 

electric field The invisible lines of force 
between opposite electric charges. 

electricity Dynamic electricity is the effect of 
voltage in producing current in 
conductors. Static electricity is 
accumulation of charge. 

electrolyte Solution that forms ion charges. 

electrolytic capacitor Type with very high C 
because electrolyte is used to form very thin 
dielectric. Must be connected with correct 
polarity in a circuit. 


1229 


electromagnet Magnet whose magnetic field is 
associated with electric current in a coil. 

electron Basic particle of negative charge in 
orbital rings around the nucleus in an atom. 

electron flow Current of negative charges in 
motion. Direction is from the negative 
terminal of the voltage source, through the 
external circuit, and returning to the positive 
side of the source. Opposite to the direction 
of conventional current. 

electron-hole pair The creation of a free 
electron and a hole when a valence electron 
gains enough energy to leave its covalent 
bond in a silicon crystal. 

electron valence The number of electrons in an 
incomplete outermost shell of an atom. 

electron volt Unit of energy equal to the work 
done in moving a charge of 1 electron 
through a potential difference of 1 V. 

element A substance that cannot be decomposed 
any further by chemical action. 

emf Electromotive force; voltage that produces 
current in a circuit. 

emitter The most heavily doped region in a 
transistor. Its job is to inject or emit current 
carriers into the base region. 

emitter bypass capacitor, C; A capacitor that 
bypasses the AC signal around the emitter 
resistor in a transistor amplifier. 

emitter follower Another name for the 
common-collector amplifier. 

engineering notation A form of powers of 
10 notation in which a number is expressed 
as a number between 1 and 1000 times a 
power of 10 that is a multiple of 3. 

enhancement mode The mode of operation for 
a MOSFET in which the polarity of Vos 
causes the conductivity of the channel to be 
enhanced, thus increasing the drain current. 

equivalent resistance, Ro In a parallel circuit, 
this refers to a single resistance that would 
draw the same amount of current as all the 
parallel connected branches. 

equivalent series resistance (ESR) A resistance 
in series with an ideal capacitor that 
collectively represents all of the losses in a 
capacitor. Ideally, the ESR of a capacitor 
should be zero. 

extrinsic semiconductor A semiconductor that 
has been doped with impurity atoms to alter 
the characteristics of the material, mainly its 
conductivity. 


F 


F connector Solderless plug for coaxial cable. 
fanity The frequency where the open-loop voltage 
gain, Aa» of an op amp equals 1 or unity. 

Fahrenheit scale (°F) Temperature scale that 
uses 32° for the freezing point of water and 
212° for the boiling point. 

farad (F) Unit of capacitance. Value of one 
farad stores one coulomb of charge with one 
volt applied. 

Faraday’s law For magnetic induction, the 
generated voltage is proportional to the flux 
and its rate of change. 
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ferrite Magnetic material that is not a metal 
conductor. 

ferrite core A type of core that has a high 
value of flux density, like iron, but is an 
insulator. A ferrite core used in a coil has 
minimum eddy current losses due to its high 
resistance. 

ferromagnetic Magnetic properties of iron and 
other metals that can be strongly magnetized 
in the same direction as the magnetizing 
field. 

field Group of lines of force; magnetic or 
electric field. 

field effect transistor (FET) A unipolar device 
that relies on only one type of charge 
carrier, either electrons or holes. FETs are 
voltage-controlled devices with an input 
voltage controlling the output current. 

field intensity (H) The mmf per unit of length. 

field winding The part of a motor or generator 
that supplies the magnetic field cut by the 
armature. 

film capacitor A capacitor that uses a plastic 
film for its dielectric. 

filter Circuit that separates different 
frequencies. 

float charging A method of charging in which 
the charger and the battery are always 
connected to each other for supplying 
current to the load. With this method, the 
charger provides the current for the load and 
the current necessary to keep the battery 
fully charged. 

fluctuating direct current Varying voltage and 
current but no change in polarity. 

flux (fp) Magnetic lines of force. 

flux density (B) Amount of flux per unit area. 

flywheel effect Ability of an LC circuit to 
continue oscillating after the energy source 
has been removed. 

form factor The ratio of the rms to average 
values. For a sine wave, aE ahii 

forward blocking current The small current 
that flows in an SCR before breakover is 
reached. 

forward breakover voltage, Vgęr The forward 
voltage across an SCR at which the SCR 
begins to conduct. The value of Vy, is 
controlled by the amount of gate current, Io. 

forward-bias The polarity of voltage across a 
diode that permits current to flow through it 
easily. 

free electron Electron that can move freely 
from one atom to the next. 

frequency (f) Number of cycles per second for 
a waveform with periodic variations. The 
unit is hertz (Hz). 

frequency multiplier A tuned class C amplifier 
that has its LC tank circuit tuned to a 
harmonic or multiple of the input frequency. 

fuel cell An electrochemical device that converts 
the chemicals hydrogen and oxygen into 
water, and in the process produces 
electricity. A fuel cell provides a steady DC 
output voltage that can power motors, lights, 
or other appliances. Unlike a regular battery, 


however, a fuel cell constantly has chemicals 
flowing into it so it never goes dead. 

full-wave rectifier A circuit that provides an 
entirely positive or negative output voltage 
when an AC input voltage is applied. A 
full-wave rectifier provides an output for 
both the positive and negative alternations of 
the input voltage. 

fuse Metal link that melts from excessive 
current and opens a circuit. 


G 


galvanic cell Electrochemical type of voltage 
source. 

galvanometer Measures electric charge or 
current. 

ganged capacitors Two or three capacitor 
sections on one common shaft that can be 
rotated. 

gate One of the three leads of an FET. The gate 
is used to control the drain current. 

gate-source cutoff voltage, Vis, The amount 
of gate-source voltage required to reduce the 
drain current, Jp, to zero. 

gauss (G) Unit of flux density in cgs system 
equal to one magnetic line of force per 
square centimeter. 

generator A device that produces voltage 
output. Is a source for either DC or AC V 
and I. 

germanium (Ge) Semiconductor element used 
for transistors and diodes. 

giga (G) Metric prefix for 10°. 

gilbert (Gb) Unit of magnetomotive force in cgs 
system. One gilbert equals 0.794 ampere- 
turn. 

graph cycle A 10:1 range of values on 
logarithmic graph paper. 

ground Common return to earth for AC power 
lines. Chassis ground in electronic 
equipment is the common return to one side 
of the internal power supply. 
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half-power points Bandwidth defined with 
70.7% response for resonant LC circuit. 

half-wave rectifier A circuit that provides 
an entirely positive or negative output 
voltage when an AC input voltage is applied. 
A half-wave rectifier provides an output for 
either the positive or negative alternation of 
the input voltage but not both. 

Hall effect Small voltage generated by a 
conductor with current in an external 
magnetic field. 

harmonic frequency Exact multiple of 
fundamental frequency. 

henry (H) Unit of inductance. Current change 
of one ampere per second induces one volt 
across an inductance of one henry. 

hertz (Hz) Unit of frequency. One hertz equals 
one cycle per second. 

high-pass filter A filter that allows the higher- 
frequency components of the applied voltage 
to develop appreciable output voltage while 
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at the same time attenuating or eliminating 
the lower-frequency components. 

holding current, /,, (1) The minimum amount of 
current required to hold a thyristor (diac, 
SCR, or triac) in its conducting state. 
(2) The minimum amount of current 
required to keep a relay energized. 

hole The absence of a valence electron in a 
covalent bond structure. The hole exhibits a 
positive charge. 

hole current Motion of hole charges. Direction 
is the same as that of conventional current, 
opposite from electron flow. 

horsepower (hp) A unit of mechanical power 
corresponding to 550 ft-Ib/s. In terms of 
electric power, 1 hp = 746 W. 

hot resistance The R of a component with its 
normal load current. Determined by V/Z. 

hot-wire meter Type of AC meter. 

hydrometer A device used to check the state of 
charge of a cell within a lead-acid battery. 

hypotenuse Side of a right triangle opposite the 
90° angle. 

hysteresis In electromagnets, the effect of 
magnetic induction lagging in time behind 
the applied magnetizing force. 

Hz See hertz. 


IGFET Insulated gate field effect transistor. 
Another name for a MOSFET. 

imaginary number Value at 90°, indicated by j 
operator, as in the form jA. 

impedance matching Occurs when a 
transformer is used for its impedance 
transformation properties. With impedance 
matching, maximum power is delivered to 
the load, R,. 

impedance, Z The total opposition to the flow of 
current in a sine-wave AC circuit. In an RC 
circuit, the impedance, Z, takes into account 
the 90° phase relation between Xo and R. 
Impedance, Z, is measured in ohms. 

inductance (L) Ability to produce induced 
voltage when cut by magnetic flux. Unit of 
inductance is the henry (H). 

induction Ability to generate V or J without 
physical contact. Electromagnetic induction 
by magnetic field; electrostatic induction by 
electric field. 

inductive reactance, X, A measure of an 
inductor’s opposition to the flow of 
alternating current. X, is measured in ohms 


and is calculated as X, = 27fL or X, = 


inductor Coil of wire with inductance. 


al 
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input bias current, /, The average of the two op- 
amp input currents /,, and J,_. 

input impedance, Z,, The impedance of the 
input of an amplifier as seen by the AC 
signal source driving the amplifier. 

input offset current, /,, The difference between 
the two input bias currents /,, and J,_. 

insulator A material that does not allow current 
to flow when voltage is applied, because of 
its high resistance. 
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integrator An RC circuit with a long time 
constant. Voltage output across C. 

interbase resistance, R,, The resistance of the 
n-type silicon bar in a UJT. Rg appears as 
two resistances, Rp; and Rp2- 
Rop = Ry + Ryo. 

internal resistance r, Limits the current 
supplied by the voltage source to J =V/r,. 

intrinsic semiconductor A semiconductor 
material with only one type of atom. 

intrinsic standoff ratio, n The ratio of Rg; to 


_ BI 
Ras r4 = Ro + Ry 


inverse relation Same as reciprocal relation. As 
one variable increases, the other decreases. 

inversely proportional The same as a reciprocal 
relation; as the value in the denominator 
increases the resultant quotient decreases. In 


the formula Xo = Xe is inversely 


1 

2afC 
proportional to both f and C. This means that 
as f and C increase, Xo decreases. 

ion Atom or group of atoms with net charge. 
Can be produced in liquids, gases, and 
doped semiconductors. 

ionization current A current that results from 
the movement of ion charges in a liquid or 
gas. 

IR drop Voltage across a resistor. 

iron-vane meter Type of AC meter, generally 
for 60 Hz. 


j operator Indicates 90° phase angle, as in j8 Q 
for Xy Also, —j8 Q is at —90° for Xe 

JFET Junction field effect transistor. 

joule (J) Practical unit of work or energy. One 
joule equals one watt-second of work. 
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k Coefficient of coupling between coils. 

keeper Magnetic material placed across the 
poles of a magnet to form a complete 
magnetic circuit. Used to maintain strength 
of magnetic field. 

Kelvin (K) scale Absolute temperature scale, 
273° below values on Celsius scale. 

kilo (k) Metric prefix for 10°. 

kilowatt-hour A large unit of electrical energy 
corresponding to 1 kW-1 h. 

Kirchhoff’s current law (KCL) The algebraic 
sum of all currents into and out of any 
branch point in a circuit must equal 
zero. 

Kirchhoff’s voltage law (KVL) The algebraic 
sum of all voltages around any closed path 
must equal zero. 
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laminations Thin sheets of steel insulated from 
one another to reduce eddy-current losses in 
inductors, motors, etc. 

leakage current (1) The current that flows 
through the dielectric of a capacitor when 
voltage is applied across the capacitor plates. 


(2) The very small current that flows when a 
diode is reverse-biased. The leakage current 
is mainly due to the thermally generated 
minority carriers that exist in both sections 
of the diode. 

leakage flux Any magnetic field lines that do 
not link two coils that are in close 
proximity to each other. 

leakage resistance A resistance in parallel 
with a capacitor that represents all of the 
leakage paths through which a capacitor can 
discharge. 

Leclanché cell Carbon-zinc primary cell. 

left-hand rule If the coil is grasped with the 
fingers of the left hand curled around the 
coil in the direction of electron flow, the 
thumb points to the north pole of the coil. 

Lenz’s law Induced current has magnetic field 
that opposes the change causing the 
induction. 

light-emitting diode (LED) A diode that emits a 
certain color light when forward-biased. The 
color of light emitted by the diode is 
determined by the type of material used in 
the doping process. 

line current The current flowing in the wires or 
lines that connect the terminals of a three- 
phase AC generator to the terminals of a 
wye- or delta-connected load. 

line voltage The voltage measured across two 
terminals or lines (not including neutral) in 
a three-phase AC generator. 

linear amplifier Any amplifier that produces an 
output signal that is an exact replica of the 
input signal. 

linear component An electronic component 
whose current is proportional to the applied 
voltage. 

linear proportion Straight-line graph between 
two variables. As one increases, the other 
increases in direct proportion. 

linear resistance A resistance with a constant 
value of ohms. 

load Takes current from the voltage source, 
resulting in load current. 

load currents The currents drawn by the 
electronic devices and/or components 
connected as loads in a loaded voltage 
divider. 

loaded voltage The voltage at a point in a series 
voltage divider where a parallel load has 
been connected. 

loading effect Source voltage is decreased as 
amount of load current increases. 

long time constant A long time constant 
can arbitrarily be defined as one that is five 
or more times longer than the pulse width of 
the applied voltage. 

loop Any closed path in a circuit. 

loop equation An equation that specifies the 
voltages around a loop. 

low-pass filter A filter that allows the lower 
frequency components of the applied voltage 
to develop appreciable output voltage while 
at the same time attenuating or eliminating 
the higher-frequency components. 
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magnetic flux (p) Another name used to 
describe magnetic field lines. 

magnetic pole Concentrated point of magnetic 
flux. 

magnetism Effects of attraction and repulsion 
by iron and similar materials without the 
need for an external force. Electromagnetism 
includes the effects of a magnetic field 
associated with an electric current. 

magnetomotive force (mmf) Ability to produce 
magnetic lines of force. Measured in units of 
ampere-turns. 

magnitude Value of a quantity regardless of 
phase angle. 

main line The pair of leads connecting all of the 
individual branches in a parallel circuit to the 
terminals of the applied voltage, V,. The main 
line carries the total current, Z, flowing to and 
from the terminals of the voltage source. 

majority current carrier The dominant type of 
charge carrier in a doped semiconductor 
material. In an n-type semiconductor, free 
electrons are the majority current carriers 
whereas in a p-type semiconductor holes are 
the majority current carriers. 

make and break Occurs when contacts close 
and open. 

maximum working voltage rating The 
maximum allowable voltage a resistor can 
safely withstand without internal arcing. 

maxwell (Mx) Unit of magnetic flux equal to 
one line of force in the magnetic field. 

mega (M) Metric prefix for 10°. 

mesh The simplest possible closed path within a 
circuit. 

mesh current Assumed current in a closed path, 
without any current division, for application 
of Kirchhoff’s current law. 

metal-film resistors Resistors made by spraying 
a thin film of metal onto a ceramic substrate. 
The metal film is cut in the form of a spiral. 

metric prefixes Letter symbols used to replace 
the powers of 10 that are multiples of 3. 

micro (u) Metric prefix for 10°. 

microfarad A small unit of capacitance equal to 
1x 10°F. 

midpoint bias A bias point that is centered 
between cutoff and saturation on the DC 
load line. 

milli (m) Metric prefix for 107°. 

Millman’s theorem A theorem that provides 
a shortcut for finding the common voltage 
across any number of parallel branches with 
different voltage sources. 

minority current carrier The type of charge 
carrier that appears sparsely throughout a 
doped semiconductor material. In an n-type 
semiconductor, holes are the minority 
current carriers whereas free electrons are 
the minority current carriers in a p-type 
semiconductor. 

mks Meter-kilogram-second system of units. 

molecules The smallest unit of a compound with 
the same chemical characteristics. 
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MOSFET Metal-oxide-semiconductor field 
effect transistor. 

motor A device that produces mechanical 
motion from electric energy. 

motor action A motion that results from the net 
force of two magnetic fields that can aid or 
cancel each other. The direction of the 
resultant force is always from a stronger 
field to a weaker field. 

multiplier resistor Resistor in series with a 
meter movement for voltage ranges. 

mutual induction (L,,) Ability of one coil to 
induce voltage in another coil. 


N 


nano (n) Metric prefix for 10°. 

nanofarad A small unit of capacitance equal to 
1 x 10°F. 

NC Normally closed for relay contacts, or no 
connection for pinout diagrams. 

negative feedback A form of amplifier feedback 
where the returning signal has a phase that 
opposes the input signal. 

negative saturation voltage, — V,,, The lower 
limit of output voltage for an op amp. 

negative temperature coefficient (NTC) A 
characteristic of a thermistor indicating that 
its resistance decreases with an increase in 
operating temperature. 

neutron Particle without electric charge in the 
nucleus of an atom. 

node A common connection for two or more 
branch currents. 

nonlinear resistance A resistance whose value 
changes as a result of current producing 
power dissipation and heat in the resistance. 

nonsinusoidal waveform Any waveform that is 
not a sine or a cosine wave. 

Norton’s theorem Method of reducing a 
complicated network to one current source 
with shunt resistance. 

n-type semiconductor A semiconductor that 
has been doped with pentavalent impurity 
atoms. The result is a large number of free 
electrons throughout the material. Since the 
electron is the basic particle of negative 
charge, the material is called n-type 
semiconductor material. 

nucleus The massive, stable part of the atom 
which contains both protons and neutrons. 


O 


obtuse angle More than 90°. 

octave A 2:1 range of values. 

oersted (Oe) Unit of magnetic field intensity; 
1 Oe = 1 Gb/em. 

ohm (Q) Unit of resistance. Value of one ohm 
allows current of one ampere with potential 
difference of one volt. 

Ohm’s law In electric circuits, Z = V/R. 

ohmic region The region of operation for a 
JFET where the drain current, Jp, increases 
in direct proportion to Vps. The ohmic 
region of operation exists when Vps < Vp. 


ohms-per-volt rating Sensitivity rating for a 
voltmeter. High rating means less meter 
loading. 

open circuit One that has infinitely high 
resistance, resulting in zero current. 

open-circuit voltage The voltage present across 
the output terminals of a voltage source 
when no load is present. 

open-loop cutoff frequency, fo, The frequency at 
which the open-loop voltage gain of an op amp 
is down to 70.7% of its maximum value at DC. 

open-loop voltage gain, Ayo, The voltage gain 
of an op amp without negative feedback. 

operational amplifier (op amp) A high-gain, 
direct-coupled differential amplifier. 

oscilloscope A piece of test equipment used to 
view and measure a variety of different AC 
waveforms. 

output impedance, Z,,,, The impedance at the 
output of an amplifier as seen by the load 
being driven by the amplifier. 
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parallel bank A combination of parallel- 
connected branches. 

parallel circuit One that has two or more 
branches for separate currents from one 
voltage source. 

paramagnetic Material that can be weakly 
magnetized in the same direction from the 
magnetizing force. 

passive component Components such as 
resistors, capacitors, and inductors. They do 
not generate voltage or control current. 

PC board A device that has printed circuits. 

peak inverse voltage (PIV) The maximum 
instantaneous reverse-bias voltage across a 
diode. 

peak reverse voltage rating, Voy, The 
maximum reverse-bias voltage that can be 
safely applied between the anode and 
cathode terminals of an SCR with the gate 
open. 

peak-to-peak value (p-p) Amplitude between 
opposite peaks. 

peak value Maximum amplitude, in either 
polarity; 1.414 times rms value for sine- 
wave V or I. 

pentavalent atom An atom with 5 valence 
electrons. 

percent efficiency For an amplifier, this refers 
to the percentage of DC input power that is 
converted to useful AC output power. 

period (7) The amount of time it takes to 
complete one cycle of alternating voltage or 
current. 

permanent magnet (PM) It has magnetic poles 
produced by internal atomic structure. No 
external current needed. 

permeability Ability to concentrate magnetic 
lines of force. 

phase angle 0 (1) Angle between two phasors; 
denotes time shift. (2) The angle between 
the applied voltage and current in a sine- 
wave AC circuit. 
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phase current The current flowing in a coil 
winding of a three-phase AC generator. 

phase voltage The voltage directly across a coil 
winding in a three-phase AC generator. 

phasing dots Used on transformer windings to 
identify those leads having the same 
instantaneous polarity. 

phasor A line representing magnitude and 
direction of a quantity, such as voltage or 
current, with respect to time. 

phasor triangle A right triangle that represents 
the phasor sum of two quantities 90° out of 
phase with each other. 

pickup current The minimum amount of current 
required to energize a relay. 

pico (p) Metric prefix for 107”. 

picofarad A small unit of capacitance equal to 
1x10? F. 

pinch-off voltage, V, The drain-source voltage 
at which the drain current, Jp, levels off. Vpis 
the border between the ohmic and current- 
source regions of operation. 

polar form Form of complex numbers that gives 
magnitude and phase angle in the form AZ0°. 

polarity Property of electric charge and voltage. 
Negative polarity is excess of electrons. 
Positive polarity means deficiency of 
electrons. 

pole The number of completely isolated circuits 
that can be controlled by a switch. 

polyphase AC circuit A circuit containing two or 
more AC voltage sources, each with a 
different phase angle. 

positive saturation voltage, + V,,, The upper 
limit of output voltage for an op amp. 

positive temperature coefficient (PTC) A 
characteristic of a thermistor indicating that 
its resistance increases with an increase in 
operating temperature. 

potential difference Ability of electric charge to 
do work in moving another charge. 
Measured in volt units. 

potentiometer Variable resistor with three 
terminals connected as a voltage divider. 

power (P) Rate of doing work. The unit of 
electric power is the watt. 

power amplifier A circuit that is designed to 
deliver large amounts of power to a low 
impedance load. 

power bandwidth (f,,,) The highest undistorted 
frequency out of an op amp without slew- 
rate distortion. 

power factor Cosine of the phase angle for a 
sine-wave AC circuit. Value is between 1 
and 0. 

power gain, A, The ratio of output power to 
input power in a transistor amplifier. Ap can 
also be calculated as Ap = Ay X Aj. 

power supply A piece of test equipment used to 
supply DC voltage and current to electronic 
circuits under test. 

powers of 10 A numerical representation 
consisting of a base of 10 and an exponent; 
the base 10 raised to a power. 

preferred values Common values of resistors 
and capacitors generally available. 
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primary cell or battery Type that cannot be 
recharged. 

primary winding Transformer coil connected to 
the source voltage. 

principal node A common connection for three 
or more components in a circuit where 
currents can combine or divide. 

printed wiring Conducting paths printed on 
plastic board. 

proportional A mathematical term used to 
describe the relationship between two 
quantities. For example, in the formula X, = 
2zfL, X, is said to be directly proportional 
to both the frequency, f, and the inductance, 
L. The term proportional means that if either 
for Lis doubled X, will double. Similarly, if 
either f or L is reduced by one-half, X, will 
be reduced by one-half. In other words, X, 
will increase or decrease in direct proportion 
to either f or L. 

proton Particle with positive charge in the 
nucleus of an atom. 

p-type semiconductor A semiconductor that has 
been doped with trivalent impurity atoms. 
The result is a large number of holes in the 
material. Since a hole exhibits a positive 
charge, the material is called p-type 
semiconductor material. 

pulsating DC A DC voltage or current that 
varies in magnitude but does not reverse in 
polarity or direction. Another name for 
pulsating DC is fluctuating DC. Includes AC 
component on average DC axis. 

pulse A sharp rise and decay of voltage or current of 
a specific peak value for a brief period of time. 


Q 


Q of a coil The quality or figure of merit for a 
coil. More specifically, the Q of a coil can 
be defined as the ratio of reactive power in 
the inductance to the real power dissipated 


A ; : X 
in the coil’s resistance. Q = >=. 
i 
Q point The values of J, and Væ that exist in a 
transistor amplifier with no AC signal 
present. 


quadrature phase A 90° phase angle. 


R 


RSymbol for resistance. 

radian (rad) Angle of 57.3°. Complete circle 
includes 2z rad. 

radio frequency (rf) A frequency high enough to 
be radiated efficiently as electromagnetic waves, 
generally above 30 kHz. Usually much higher. 

ramp Sawtooth waveform with linear change in 
Vorl. 

ratio arm Accurate, stable resistors in one leg of 
a Wheatstone bridge or bridge circuit in 

R, 

, RY 

varied in most cases, typically in multiples 

of 10. The ratio arm fraction in a 

Wheatstone bridge determines two things; 

the placement accuracy of the measurement 

of an unknown resistor, R,, and the 


general. The ratio arm fraction can be 


maximum unknown resistance, R that 
can be measured. 

RC phase-shifter An application of a series RC 
circuit in which the output across either R or C 
provides a desired phase shift with respect to 
the input voltage. RC phase-shifter circuits are 
commonly used to control the conduction time 
of semiconductors in power control circuits. 

reactance Property of L and C to oppose flow 
of I that is varying. Symbol is Xo or X,. Unit 
is the ohm. 

real number Any positive or negative number not 
containing j. (A + jB) is a complex number 
but A and B by themselves are real numbers. 

real power The net power consumed by 
resistance. Measured in watts. 


x(max)? 


reciprocal relation Same as inverse relation. As 
one variable increases, the other decreases. 

reciprocal resistance formula A formula that states 
that the equivalent resistance, Ryo, of a parallel 
circuit equals the reciprocal of the sum of the 
reciprocals of the individual branch resistances. 

rectangular form Representation of a complex 
number in the form A + jB. 

reflected impedance The value of impedance 
reflected back into the primary from the 
secondary. 

relative permeability (w,) The ability of a 
material to concentrate magnetic flux. 
Mathematically, relative permeability, 
designated x, is a ratio of the flux density 
(B) in a material such as iron to the flux 
density, B, in air. There are no units for y, 
because it is comparison of two flux 
densities and the units cancel. 

relative permittivity (e,) A factor that indicates 
the ability of an insulator to concentrate electric 
flux, also known as the dielectric constant, K,. 

relay Automatic switch operated by current in a coil. 

relay chatter The vibrating of relay contacts. 

resistance (R) Opposition to current. Unit is the 
ohm (Q). 

resistance wire A conductor having a high 
resistance value. 

resonance Condition of X, = Xc in an LC circuit 
to favor the resonant frequency for a 
maximum in V, J, or Z. 

resonant frequency The frequency at which the 
inductive reactance, X, and the capacitive 
reactance, Xo of an LC circuit are equal. 

reverse bias The polarity of voltage across a 
diode that prevents the diode from 
conducting any current. 

rheostat Variable resistor with two terminals to 
vary I. 

ringing Ability of an LC circuit to oscillate after 
a sharp change in V or J. 

root-mean-square (rms) value For sine-wave 
AC waveform, 0.707 of peak value. Also 
called effective value. 

rotor Rotating part of generator or motor. 


S 


saturation The region of transistor operation 
where the collector current no longer increases 
with further increases in base current. 
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saturation region The region to the right of the 
valley point, on the characteristic curve of a 
UST. 

sawtooth wave One in which amplitude values 
have a slow linear rise or fall and a sharp 
change back to the starting value. Same as a 
linear ramp. 

Schmitt trigger An op-amp comparator that 
utilizes positive feedback. 

scientific notation A form of powers of 10 
notation in which a number is expressed as a 
number between 1 and 10 times a power of 10. 

secondary cell or battery Type that can be 
recharged. 

secondary winding Transformer coil connected 
to the load. 

self-inductance (L) Inductance produced in a 
coil by current in the coil itself. 

semiconductor A material that is neither a 
good conductor nor a good insulator. 

series-aiding A connection of coils in which the 
coil current produces the same direction of 
magnetic field for both coils. 

series-aiding voltages Voltage sources that 
are connected so that the polarities of the 
individual sources aid each other in 
producing current in the same direction in 
the circuit. 

series circuit One that has only one path for 
current. 

series components Components that are 
connected in the same current path. 

series opposing A connection of coils in which 
the coil current produces opposing magnetic 
fields for each coil. 

series-opposing voltages Voltage sources that 
are connected so that the polarities of the 
individual sources will oppose each other in 
producing current flow in the circuit. 

series string A combination of series resistances. 

shield Metal enclosure preventing interference 
from radio waves. 

short circuit Has zero resistance, resulting in 
excessive current. 

short time constant A short time constant can 
arbitrarily be defined as one that is one-fifth 
or less the time of the pulse width of the 
applied voltage. 

shunt resistor A parallel connection. A device 
to increase the range of an ammeter. 

SI Abbreviation for Système International, a system 
of practical units based on the meter, kilogram, 
second, ampere, kelvin, mole, and candela. 

siemens (S) Unit of conductance. Reciprocal of 
ohms unit. 

silicon (Si) Semiconductor element used for 
transistors, diodes, and integrated circuits. 

silicon controlled rectifier (SCR) A 
unidirectional semiconductor device, like a 
diode, that remains in a nonconducting state, 
although forward-biased, until the forward 
breakover voltage is reached. Once 
conducting, the voltage across the SCR 
drops to a very low value. 

sine Trigonometric function of an angle, equal 
to the ratio of the opposite side to the 
hypotenuse in a right triangle. 
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sine wave One in which amplitudes vary in 
proportion to the sine function of an angle. 

single-phase AC circuit A circuit containing 
only one AC voltage source. 

skin effect A term used to describe current 
flowing on the outer surface of a 
conductor at very high frequencies. Skin 
effect causes the effective resistance of a 
coil to increase at higher frequencies 
because the effect is the same as reducing 
the cmil area of the wire. 

slew rate, S$, An op-amp specification indicating 
the maximum rate at which the output 
voltage can change. Sp is specified in rn 

slew-rate distortion A distortion that occurs in 
op amps when the rate of change in output 
voltage tries to exceed the slew rate 
capabilities of the op amp. 

slip rings In an AC generator, devices that 
provide connections to the rotor. 

slow-blow fuse A type of fuse that can 
handle a temporary surge current that 
exceeds the current rating of the fuse. This 
type of fuse has an element with a coiled 
construction and is designed to open only 
on a continued overload such as short- 
circuit. 

small signal A signal whose peak-to-peak 
current value is one-tenth or less the DC 
diode or DC emitter current. 

solder Alloy of tin and lead used for fusing wire 
connections. 

solenoid Coil used for electromagnetic devices. 

source One of the three leads of an FET. The 
source lead connects to one end of the 
conducting channel. 

spade lug A type of wire connector. 

SPDT Single-pole double-throw switch or relay 
contacts. 

specific gravity Ratio of weight of a substance 
with that of an equal volume of water. 

specific resistance The R for a unit length, area, 
or volume. 

SPST Single-pole single-throw switch or relay 
contacts. 

square wave An almost instantaneous rise and 
decay of voltage or current in a periodic 
pattern with time and with a constant peak 
value. The V or / is on and orr for equal 
times and at constant values. 

standard resistor A variable resistor in one leg 
of a Wheatstone bridge that is varied to 
provide equal voltage ratios in both series 
strings of the bridge. With equal voltage 
ratios in each series string, the bridge is said 
to be balanced. 

static electricity Electric charges not in motion. 

stator Stationary part of a generator or motor. 

steady-state value The V or J produced by a 
source without any sudden changes. Can be 
DC or AC value. Final value of V or J after 
transient state. 

storage cell or battery Type that can be 
recharged. 

stray capacitance A very small capacitance that 
exists between any two conductors separated 
by an insulator. The capacitance can be 


between two wires in a wiring harness or 
between a single wire and a metal chassis as 
examples. 

stray inductance The small inductance 
associated with any length of conductor or 
component lead. The effects of both stray 
inductance and stray capacitance are most 
noticeable with very high frequencies. 

string Components connected in series. 

strings in parallel Series resistor strings that are 
connected in parallel with each other. 

summing amplifier An amplifier whose output 
voltage equals the negative sum of the input 
voltages. 

superconductivity Very low R at extremely low 
temperatures. 

superposition theorem Method of analyzing a 
network with multiple sources by using one 
at a time and combining their effects. 

supersonic Frequency above the range of 
hearing, generally above 16,000 Hz. 

surface-mount resistor Resistor made by 
depositing a thick carbon film on a ceramic 
base. Electrical connection to the resistive 
element is made by two leadless solder, end 
electrodes that are C-shaped. 

surface-mount technology Components 
soldered directly to the copper traces of a 
printed circuit board. No holes need to be 
drilled for surface-mounted components. 

susceptance (B) Reciprocal of reactance in 
sine-wave AC circuits; B = 1/X. 

swamping resistor An unbypassed resistor in 
the emitter circuit of a common-emitter 
amplifier. A swamping resistor stabilizes the 
voltage gain and reduces distortion. 

switch Device used to open or close connections 
of a voltage source to a load circuit. 

switching contacts The contacts that open and 
close when a relay is energized. 

symmetrical JFET A JFET that has its gate 
regions located in the center of the channel. 
With a symmetrical JFET the drain and 
source leads can be interchanged without 
affecting its operation. 


F 


tail current, |; The DC current in the emitter 
resistor of a differential amplifier. 

tangent (tan) Trigonometric function of an 
angle, equal to the ratio of the opposite side 
to the adjacent side in a right triangle. 

tank circuit An LC tuned circuit. Stores energy 
in Land C. 

tantalum Chemical element used for electrolytic 
capacitors. 

taper How R of a variable resistor changes with 
the angle of shaft rotation. 

tapered control The manner in which the 
resistance of a potentiometer varies with 
shaft rotation. For a linear taper, one-half 
shaft rotation corresponds to a resistance 
change of one-half its maximum value. For a 
nonlinear taper, the resistance change is 
more gradual at one end, with larger changes 
at the other end. 
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taut-band meter Type of construction for meter 
movement often used in VOM. 

temperature coefficient For resistance, how R 
varies with a change in temperature. 

tesla (T) Unit of flux density, equal to 10° lines 
of force per square meter. 

thermistor A resistor whose resistance value 
changes with changes in its operating 
temperatures. 

Thevenin’s theorem Method of reducing a 
complicated network to one voltage source 
with series resistance. 

three-phase power AC voltage generated with 
three components differing in phase by 120°. 

threshold voltage, V¢s«,) The minimum value of 
Vos in an enhancement-type MOSFET 
which causes drain current to flow. 

throw The number of closed contact positions 
that exist per pole on a switch. 

thyristor A semiconductor device with 
alternating layers of p and n material that 
can only be operated in the switching mode 
where they act as either an open or closed 
switch. 

time constant Time required to change by 63% 
after a sudden rise or fall in V and 7. Results 
from the ability of L and C to store energy. 
Equals RC or L/R. 

tolerance The maximum allowable percent 
difference between the measured and coded 
values of resistance. 

toroid Electromagnet with its core in the form 
of a closed magnetic ring. 

transconductance, g,, The ratio of the change in 
drain current, AJ,, to the change in gate- 
source voltage, A Vgs for a fixed value of 
Vps- The unit of g,, is the siemens (S). 

transformer A device that has two or more coil 
windings used to step up or step down AC 
voltage. 

transient response Temporary value of V or Jin 
capacitive or inductive circuits caused by 
abrupt change. 

transistor A three-terminal semiconductor 
device that can amplify an AC signal or be 
used as an electronic switch. 

triac A bidirectional semiconductor device that 
remains in a nonconducting state until the 
forward breakover voltage is reached. Once 
conducting, the voltage across the triac 
drops to a very low value. Like an SCR, the 
breakover voltage can be controlled by gate 
current. 

trigonometry Analysis of angles and triangles. 

trivalent atom An atom with 3 valence 
electrons. 

troubleshooting A term that refers to the 
diagnosing or analyzing of a faulty 
electronic circuit. 

tuning Varying the resonant frequency of an LC 
circuit. 

turns ratio Comparison of turns in primary and 
secondary of a transformer. 

twin lead Transmission line with two 
conductors in plastic insulator. 
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U 


UHF Ultra high frequencies in band of 30 to 
300 MHz. 

unijunction transistor (UJT) A 3-terminal 
semiconductor device that has only 1 p-n 
junction. UJTs are used to control the 
conduction angle of an SCR. 

unipolar A device having only one type of 
charge carrier, either electrons or holes. 

universal time constant graph A graph that 
shows the percent change in voltage or current 
in an RC or RL circuit with respect to the 
number of time constants that have elapsed. 


V 


valence electrons Electrons in the outermost 
ring or shell of an atom. 

VAR See volt-ampere reactive. 

Variac Transformer with variable turns ratio to 
provide different amounts of secondary voltage. 

vector A line representing magnitude and 
direction in space. 

VHF Very high frequencies in band of 30 to 
300 MHz. 

volt (V) Practical unit of potential difference. 
One volt produces one ampere of current in 
a resistance of one ohm. 1 V = -> 

voltage divider A series circuit to provide V less 
than the source voltage. 

voltage drop Voltage across each component in 
a series circuit. The proportional part of total 
applied V. 

voltage follower An op-amp circuit with unity 
voltage gain. A voltage follower has a very 
high input impedance and a very low output 
impedance. Voltage followers are also 
known as unity-gain amplifiers, buffer 
amplifiers, and isolation amplifiers. 

voltage gain, A, The ratio of output voltage to 
input voltage in a transistor amplifier or 
A= y 


out 
Vin 
voltage polarity The positive and negative ends 

of a potential difference across a component 


such as a resistor. 


voltage source Supplies potential difference 
across two terminals. Has internal series r.. 

voltage taps The points in a series voltage 
divider that provide different voltages with 
respect to ground. 

voltaic cell A device that converts 
chemical energy into electric energy. The 
output voltage of a voltaic cell depends on 
the type of elements used for the electrodes. 

volt-ampere (VA) Unit of apparent power, equal 
to Vx]. 

volt-ampere characteristic Graph to show how 
I varies with V. 

volt-ampere reactive (VAR) The volt-amperes 
at the angle of 90°. 

voltmeter loading The amount of current taken by 
the voltmeter acting as a load. As a result, the 
measured voltage is less than the actual value. 

VOM Volt-ohm-milliammeter. 


W 


watt (W) Unit of real power. Equal to PR or 
VI cos 8. 

watt-hour Unit of electric energy, as 
power X time. 

wattmeter Measures real power as 
instantaneous value of V x 1. 

wavelength (A) Distance in space between two 
points with the same magnitude and 
direction in a propagated wave. 

wavetrap An LC circuit tuned to reject the 
resonant frequency. 

weber (Wb) Unit of magnetic flux, equal to 
108 lines of force. 

Wheatstone bridge Balanced circuit used for 
precise measurements of resistance. 

wire gage A system of wire sizes based on the 
diameter of the wire. Also, the tool used to 
measure wire size. 

wire-wound resistors Resistors made with wire 
known as resistance wire that is wrapped 
around an insulating core. 

work Corresponds to energy. Equal to power x 
time, as in kilowatt-hour unit. Basic unit is 
one joule, equal to one volt-coulomb, or one 
watt-second. 

wye network Three components connected with 
one end in a common connection and the 
other ends to three lines. Same as T network. 


xX 


Xec Capacitive reactance equal to 1/(2z/fC). 
X, Inductive reactance equal to 2zfL. 


Y 


Y Symbol for admittance in an AC circuit. 
Reciprocal of impedance Z; Y = 1/Z. 

Y network Another way of denoting a wye 
network. 


Z 


Z Symbol for AC impedance. Includes 
resistance with capacitive and inductive 
reactance. 

zener current, /, The name given to the reverse 
current in a zener diode. 

zener diode A diode that has been optimized for 
operation in the breakdown region. 

zero-crossing detector An op-amp comparator 
whose output voltage switches to either 

+V,,, When the input voltage crosses 
through zero. 

zero-ohm resistor A resistor whose value is 
practically 0 Q. The 0-Q value is denoted by 
a single black band around the center of the 
resistor body. 

zero-ohms adjustment Used with ohmmeter of 
a VOM to set the correct reading at zero 
ohms. 

zero-power resistance The resistance of a 
thermistor with zero power dissipation, 
designated Rp. 
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REVIEW: CHAPTERS 7 AND 8 


12. 
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REVIEW: CHAPTERS 23 AND 24 
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REVIEW: CHAPTERS 25 AND 26 
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CHAPTER 32 
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Introduction to Powers 
of 10 


SECTION I-1 SCIENTIFIC 
NOTATION 


1. 3.5x 10° 
1.6 x 10° 
5. 1.5x107 
7. 2.27 x 10° 
9 
1 


p 


s 33X107 
7.11 X10 
13. 8.7 x 10' 

15. 9.5 x 10° 

17. 6.4 x 10° 

19. 1.75 x 107° 
21. 0.000165 

23. 863 

25. 0.0000000017 
27. 1660 

29. 0.0000000000033 


SECTION l-2 ENGINEERING 
NOTATION AND METRIC 
PREFIXES 


31. 5.5 x 10° 
33. 6.2 x 10° 
35. 99 x 10° 
37. 750 x 10°° 
39. 10x 10° 
41. 68x 10° 
43. 270 x 10° 
45. 450x 10° 
47. 2.57 x 10” 
49. 70x 10% 
51. 1 kW 

53. 35 mV 

55. 1uF 

57. 2.2 MQ 
59. 1.25 GHz 
61. 250 nA 
63. 500 mW 
65. 180 kQ 
67. 4.7 

69. 50 uW 
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Answers 


Odd-Numbered Problems and 
Critical Thinking Problems 


SECTION I-3 CONVERTING 
BETWEEN METRIC PREFIXES 


71. 55mA 
73. 0.0068 uF 
75. 22 uF 

77. 1500 kQ 

79. 39kQ 

81. 7.5 mA 

83. 100,000 W 
85. 4.7 nF 

87. 1.296 GHz 
89. 7,500,000 pF 


SECTION l-4 ADDITION AND 
SUBTRACTION INVOLVING 
POWERS OF 10 NOTATION 


91. 7.5 x 10° 
93. 59x10” 
95. 2.15 x 10° 
97. 5.0 x 10’ 
99. 1.45 x 107 
101. 2.6 x 10° 


SECTION I-5 MULTIPLICATION 
AND DIVISION INVOLVING 
POWERS OF 10 NOTATION 


103. 1.8 x 10° 
105. 3.0 x 10° 
107. 1.0x 10° 
109. 2.5 x 10° 
111. 1.25 x 10° 
113. 5.0 x 10’ 


SECTION I-6 RECIPROCALS 
WITH POWERS OF 10 


115. 107 
117. 10` 
119. 10’ 
121. 10°" 


SECTION l-7 SQUARING 
NUMBERS EXPRESSED IN 
POWERS OF 10 NOTATION 


123. 2.5 x 10’ 


125. 8.1 x 10"! 
127. 1.44~x 10 


SECTION I-8 SQUARE ROOTS OF 
NUMBERS EXPRESSED IN 
POWERS OF 10 NOTATION 


129. 2.0 x 10° 

131. 6.0 x 10° 

133. 3.87 x 107 

SECTION I-9 THE SCIENTIFIC 
CALCULATOR 


135. Enter the problem using the 
following keying sequence: 


O® €e) © © 


D Gy © 
EP) © ©. 


The calculator will display the 
answer as 18.000 x 10%. 

137. Enter the problem using the 
following keying sequence: 
O® © O OQ 
© @ 


The calculator will display the 
answer as 1.200 x 10%. 

139. Enter the problem using the 
following keying sequence: 
© © © ŒP © 
® @® © © 
B. 

The calculator will display the 
answer as 90.000 x 10”. 


Chapter 1 


SECTION 1-4 THE COULOMB 
UNIT OF ELECTRIC CHARGE 
1. +0=5C 
3. +0=2C 
5. -0=6C 
SECTION 1-5 THE VOLT UNIT 
OF POTENTIAL DIFFERENCE 


7. V=6V 
9, V=1.25 V 


SECTION 1-6 CHARGE IN 
MOTION IS CURRENT 

11. 7=4A 

13. 1=500mA 

15. [=10A 

17. Q=1C 
SECTION 1-7 RESISTANCE IS 
OPPOSITION TO CURRENT 


19. a R=1kQ 


b. R=100Q 
ce R=10Q 
d. R=1Q 
21. a. G=5mS 
b. G=10mS 
c G=20mS 
d. G=40mS 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


23. Q=1.6x 10C 
25. I=100 uA 


Chapter 2 


SECTION 2-2 RESISTOR 
COLOR CODING 


l. a. 1.5 KQ, +10% 
27 Q, +5% 
470 KQ, +5% 
6.2 Q, +5% 
91 kQ, +5% 
10 Q, +5% 
1.8 MQ, +10% 
1.5 KQ, +20% 
330 Q, +10% 
560 kQ, +5% 
2.2 KQ, +5% 
8.2 Q, +5% 
51 kQ, +5% 
680 Q, +5% 
0.12 Q, +5% 
1 KQ, +5% 

10 KQ, +10% 
4.7 KQ, +5% 
470 kQ 

1.2 KQ 

330 Q 

. 1O0kQ 


BO TP NSPS ERT RTM rE me ass 


5. Reading from left to right the 


colors are: 


a. Brown, black, orange, and 


gold 


Red, violet, gold, and gold 
c. Green, blue, red, and silver 


d. Brown, green, green, and 
gold 
e. Red, red, silver, and gold 
SECTION 2-3 VARIABLE 
RESISTORS 


7. a. 680, 225 Q 


b. 82509 

c. 18,503 Q 
d. 275,060 Q 
e. 62,984 Q 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


9. Above 250 kQ 


Chapter 3 


2PC TION 3-1 THE CURRENT 


l=R 


1. a J=2A 
b. I=3A 
c. I=8A 
d. J=4A 
3. a. I= 0.005 A 
b. J=0.02A 
c. J= 0.003 A 
d. J=0.01I5A 
5. Yes, because the current, /, is 
only 15 A. 


SECTION 3-2 THE VOLTAGE 
V=IR 


7a V=S50V 
b. V=30V 
ce V=10V 
d. V=7.5V 
9. V=10V 
SECTION 3-3 THE RESISTANCE 
R=¥ 
I 
11. a R=7Q 
b. R=5Q 
ce R=4Q 
d. R=6Q 
13. a. R= 6000 Q 
b. R=200Q 
ce R=2500 Q 
d. R=5000 Q9 
15. R=8.5 Q 


SECTION 3-5 MULTIPLE AND 
SUBMULTIPLE UNITS 


17. a. I=80mA 


b. V=19.5 V 

ce V=3V 

d. R=33kQ 
19. 7=50 uA 


Odd-Numbered Problems and Critical Thinking Problems 


SECTION 3-6 THE LINEAR 
PROPORTION BETWEEN VAND / 


21. See Instructor’s Manual. 
SECTION 3-7 ELECTRIC POWER 
23. a. P=1.5kW 


b. P=75W 

e [=10A 

d. V=12V 
25. a. I=31.63 mA 

b. 7=2mA 

c. P=150"W 

d. V=200V 
27. V=15V 


29. Cost = $7.20 
31. Cost = $64.80 


SECTION 3-8 POWER 
DISSIPATION IN RESISTANCE 


33. a. P=1.98 mW 
b. P=675 mW 
ce P=245mW 
d. P=1.28W 

35. P=500 mW 

37. P=2.16W 


SECTION 3-9 POWER FORMULAS 


39. a. T=5mA 
b. R=144Q 

R=312.5Q 

V=223.6V 

V = 44.72 V 

V = 63.25 V 

I= 100 4A 

I= 400 pA 

43. I= 2.38 mA 

45. V=100 V 

47. R=12Q 

49. V=50V 

51. R=72 Q 


SECTION 3-10 CHOOSING A 
RESISTOR FOR A CIRCUIT 


53. R = 1.2 KQ. Best choice for 
power rating is 4 W. 

55. R = 2 KQ. Best choice for power 
rating is 1 W. 

57. R= 150 Q. Best choice for power 
rating is ⁄% W. 

59. R = 2.2 MQ. Best choice for power 
rating is “2 W because it has a 350-V 
maximum working voltage rating. 

ANSWERS TO CRITICAL 
THINKING PROBLEMS 

61. J=21.59A 

63. Cost = $7.52 

65. Laa at 120°C = 13.69 mA 


41. 


popes 
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Chapter 4 


SECTION 4-1 WHY /IS THE 
SAME IN ALL PARTS OF A SERIES 
CIRCUIT 


1. a. 7=100mA 
b. J=100mA 
ec I=100mA 
d. J=100mA 
e I=100mA 
f. Z=100mA 

3. I=100 mA 


SECTION 4-2 TOTAL R EQUALS 
THE SUM OF ALL SERIES 
RESISTANCES 


5. R,=900Q 
I=10mA 

7. R,=6KQ 
I=4mA 

9. R,=300kQ 
I= 800 4A 


SECTION 4-3 SERIES JR 
VOLTAGE DROPS 


ll. V,=6V 
V,=72V 
V, = 10.8 V 

13. R,=2kQ 
1=10mA 
V,=33V 
V,=4.7V 
V,=12V 

15. R,=16kQ 
1=15mA 
V,=2.7V 
V, = 4.05 V 
V,=123V 
V,=4.95 V 


SECTION 4-4 KIRCHHOFF’S 
VOLTAGE LAW (KVL) 


17. V,;=15V 
19. V.=7.2V 
V, =8.8 V 
V,=4V 
V,=60V 
V, =40 V 
V,= 120 V 
SECTION 4-5 POLARITY OF IR 
VOLTAGE DROPS 
21. a. R,=100Q,/=500 mA, 
Vi, =5V,V,= 19.5 V, 
V,=25.5 V 
b. See Instructor’s Manual. 
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c. See Instructor’s Manual. 
d. See Instructor’s Manual. 
23. The polarity of the individual 
resistor voltage drops is opposite 
to that in Prob. 21. The reason is 
that the polarity of a resistor’s 
voltage drop depends on the 
direction of current flow and 
reversing the polarity of Vy 
reverses the direction of current. 


SECTION 4-6 TOTAL POWER IN 
A SERIES CIRCUIT 


25. P, =36mW 
P, = 43.2 mW 
P, = 64.8 mW 
P,= 144 mW 

27. P,=33mW 
P,=47mW 
P, = 120 mW 
P = 200 mW 


SECTION 4-7 SERIES-AIDING 
AND SERIES-OPPOSING 
VOLTAGES 


29. a. V.=27V 
b. J=10mA 
c. Electrons flow up through 
R; 
V,=6V 
T=6mA 
Electrons flow up through R;. 
V,=12V 
I = 400 mA 
Electrons flow down through 
R, and R,. 
d. V,=48 Vand V, =7.2 V 


SECTION 4-8 ANALYZING 
SERIES CIRCUITS WITH 
RANDOM UNKNOWNS 


35. I=20 mA 
V,=24V 
V,=2V 
V, = 13.6 V 
V,=18V 
R, = 680 Q 
P,, = 360 mW 
P,=40 mW 
P, = 272 mW 

37. [=20mA 
R,=6kQ 
V,=120V 
V,=36V 
V, =24 V 
V,=40V 
R,=2kQ 


31. 


33. 


erppere 


P, = 400 mW 
P,=720 mW 
P, = 480 mW 
P, = 800 mW 

39. R, = 8002 
1=50mA 
V, = 100 V 
V,=10V 
V,=20V 
V,=40V 
V,=30V 
P, = 500 mW 
P,=2W 
P,=15W 
P.=5W 

41. R=1kQ 

43. V,=25V 

SECTION 4-9 GROUND 


CONNECTIONS IN ELECTRICAL 
AND ELECTRONIC SYSTEMS 


45. V,,=18V 
Vag = 7.2 V 
Veg = 1.2V 

47. V.,=20V 
Vag = 16.4 V 
Vig = -9.4 V 
Vao = —16 V 


SECTION 4-1 OTROUBLESHOOTING: 
OPENS AND SHORTS IN SERIES 
CIRCUITS 
49. R,=6KQ 
I=4mA 
V, =4V 
V,=8V 
V,=12V 
51. a. Rp =3kQ 
b. [=8mA 
c. V,=8V,V,=16 V, and 
V,=0V 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 
53. R, =300Q, R, = 600 Q, and 
R,=18kQ 
55. I, = 35.36 mA 


max 


57. R, = 250 Q and V, = 1.25 V 


Answers to 
Troubleshooting 
Challenge, Table 4-1 


Trouble 1: R, open 

Trouble 3: R, shorted 
Trouble 5: R, shorted 
Trouble 7: R, shorted 


Answers 


Trouble 9: R, open 
Trouble 11: R, decreased in value 
Trouble 13: R, increased in value 


Chapter 5 


SECTION 5-1 THE APPLIED 
VOLTAGE V, IS THE SAME 
ACROSS PARALLEL BRANCHES 


l. a 12V 
b. 12V 
& 12V 
d. 12V 
3. 12V 


SECTION 5-2 EACH BRANCH / 


EQUALS “A 
Q R 


5. L is double J, because R, is one- 
half the value of R,. 
7. I, = 600 mA 
I, = 900 mA 
I, = 300 mA 
9. I =200 mA 
lL=15 mA 
L = 85 mA 
l, =20 mA 
SECTION 5-3 KIRCHHOFP’S 
CURRENT LAW (KCL) 


11. Z4 = 300 mA 
13. 4=1.8 A 
15. 4 =320 mA 
17. I =24mA 
1, =20 mA 
L = 16 mA 
I, = 60 mA 
19. a. 300 mA 
b. 276 mA 
c. 256 mA 
d. 256 mA 
e. 276 mA 
f. 300mA 
21. a 25A 
b. 500 mA 
c. 300mA 
d. 300 mA 
e. 500 mA 
E 25A 
g 2A 
h. 2A 
23. 1, =90 mA 


SECTION 5-4 RESISTANCES IN 
PARALLEL 

25. Rup = 80 

27. Rep = 200 


31. Rug = 26.4 Q 
33. Rug = 20 Q 
35. Reg = 200 Q 
37. R,=1.5kQ 
39. Reg = 96 Q 
41. Reg = 112.5 Q 
43. a. Ryo = 269.9 Q 
(Ohmmeter will read 270 Q 
approximately.) 
b. Rug = 256.6 KQ 
(Ohmmeter will read 257 KQ 
approximately.) 
C2 Reo = 559.3 KQ 
(Ohmmeter will read 559 KQ 
approximately.) 
d. Ry = 1.497 KQ 
(Ohmmeter will read 1.5 kQ 
approximately.) 
e. Rpg = 9.868 KQ 
(Ohmmeter will read 9.87 KQ 
approximately.) 


SECTION 5-5 CONDUCTANCES 
IN PARALLEL 


45. G,=2mS 
G, = 500 uS 
G, = 833.3 uS 
G,=10mS 
G, = 13.33 mS 
Ryo = 75 Q 
47. G, = 500 mS 
Rig = 22 
SECTION 5-6 TOTAL POWER 
IN PARALLEL CIRCUITS 


49. P,=204W 
P,=153W 
P,=8.67W 
P,=2.04W 
P, = 32.64 W 

51. P,=13.2W 
P,=19.8W 
P,=132W 
P,=165W 


SECTION 5-7 ANALYZING 
PARALLEL CIRCUITS WITH 
RANDOM UNKNOWNS 


53. V,=18V 
R, = 3602 
L = 150 mA 
Reg = 90 Q 
P, = 900 mW 
P,=2.7W 
P,=3.6W 

55. R,= 500 
V,=75V 


1, = 150mA 
I, = 300 mA 
I, = 600 mA 
P,=11.25W 
P,=225W 
P,=11.25W 
P.=45W 

57. I,=100mA 
1,=30mA 
1,=20mA 
1,=35mA 
R, =24kQ 
R, = 1.029 kQ 
P, = 1.08 W 
P,=720 mW 
P, = 540 mW 
P,=126W 
P,=3.6W 

59. V,=24V 
1,=20mA 
1, =30mA 
1,=24mA 
R, =12kQ 
R,=4kQ 
Ryo = 300 Q 

ANSWERS TO CRITICAL 

THINKING PROBLEMS 


6l. Limay = 44.55 MA 

63. R, =2 KQ, R, = 6 KQ, and 
R, =3 KQ 

65. R, = 15 KQ, R, = 7.5 KQ, 
R, = 3.75 KQ, and 
R, = 1.875 kQ 


Answers to 
Troubleshooting 
Challenge 


67. The current meter, M}, is open; or 
the wire between points G and 
H is open. The fault could be 
isolated by measuring the voltage 
across points C and D and points 
G and H. The voltage will 
measure 36 V across the open 


points. 
69. a. M, and M, will both read 
OA. 
. M, will read 0 V. 
ce. 36V 


d. The blown fuse was probably 
caused by a short in one of 
the four parallel branches. 


29. Rug = 318.75 Q 


Odd-Numbered Problems and Critical Thinking Problems 
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e. With the blown fuse, F, still 
in place, open S,. (This is 
an additional precaution.) 
Connect an ohmmeter 
across points B and I. The 
ohmmeter will probably read 
0 Q. Next, remove one 
branch at a time while 
observing the ohmmeter. 
When the shorted branch is 
removed, the ohmic value 
indicated by the ohmmeter 
will increase to a value that 
is normal for the circuit. Be 
sure the ohmmeter is set to 
its lowest range when 
following this procedure. 
The reason is that the 
equivalent resistance, Ryo: of 
this circuit is normally quite 
low anyway. Setting the 
ohmmeter on too high of a 
range could result in a 
reading of 0 Q even after the 
shorted branch has been 
removed. 

71. 0 Q. One way to find the shorted 
branch would be to disconnect all 
but one of the branches along the 
top at points B, C, D, or E. (When 
doing this, make certain S, is open 
if the fuse has been replaced.) 
Next, with F, replaced, close S}. If 
the only remaining branch blows 
the fuse, then you know that’s the 
shorted branch. If the fuse F, did 
not blow, open S, and reconnect 
the next branch. Repeat this 
procedure until the fuse F, blows. 
The branch that blows the fuse is 


the shorted branch. 
73. a OV 
b. OV 
75. a. M, will read 1.5 A and M, 
will read 0 A. 
. 36V 
c OV 
Chapter 6 


SECTION 6-1 FINDING R, FOR 
SERIES-PARALLEL RESISTANCES 
1. Resistors R, and R, are in series 

and resistors R, and R, are in 
parallel. It should also be noted 
that the applied voltage, V.,, is in 
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series with R, and R, because 
they all have the same current. 
I,=10mA 


I,=10mA 
V,=2.2V 
V,=6.8V 
V,=6V 
V,=6V 
I,=6mA 
L=4mA 
a 800 
b. 2002 
c. 60mA 
d. 60mA 
P, =432 mW 
P, = 230.4 mW 
P, = 57.6 mW 
Pa = 720 mW 
a. 250Q 
b. 200 Q 
ce 450 Q 
d. 40mA 
e 40mA 


SECTION 6-2 RESISTANCE 
STRINGS IN PARALLEL 


11. 


13. 


15. 


a. 8002 

b. 1.2 kQ 

c. J,=30mA and /,=20mA 

d. [,=50mA 

e R,=480Q 

f. V,=9.9 V, V, = 14.1 V, and 
V,=24V 

a. 3002 

b. 900 Q 

c. J, = 120 mA and 
I, =40 mA 

. 4 =160 mA 
e R,=2250 


f. V, =12 V, V, = 24 V, 
V, = 27.2 V, and V, = 8.8 V 
a. I, =8 mA, Í =24 mA, 
L = 16 mA, I, = 48 mA 
b. R,=500Q 
c. V,=8V,V,=16V, 
V, = 24 V, V, = 8 V, and 
V,=16V 


SECTION 6-3 RESISTANCE 
BANKS IN SERIES 


17. 


a. 150Q 
b. R,=250Q 

c Z, =100 mA 

d. V =15V 

e V,=10V 

f. I,=25mA and L =75 mA 
g. 100mA 


19. a R,=18kQ 
b. J,=30mA 


ce. V,=36V, V, = 18 V, and 


V,=18V 


d. I, =12 mA and Z = 18 mA 


SECTION 6-4 RESISTANCE 


BANKS AND STRINGS IN SERIES- 


PARALLEL 

21. R,=500Q 
L, =70 mA 
V,=84V 
V,=14V 
V,=5.6V 
V,=84V 
V, = 12.6 V 
1,=70mA 
L=14mA 
L =56 mA 
L =56 mA 
I,=70 mA 

23. R,=4KQ 
I, =30 mA 
V, =30V 
V,=10V 
V, =20 V 
V,=30V 
V, = 60V 
1,=30mA 
1,=10mA 
1,=10mA 
1,=20mA 
I, =30 mA 

25. Ry =6kQ 
I,=6mA 
V, =36V 
V,=54V 
V,=27V 
V,=9V 
V, = 13.5 V 
V,=4.5V 
V,=3.6 V 
1,=24mA 
1, =3.6mA 
I,=2.7mA 
L = 900 nA 
I, = 900 pA 
1, = 900 pA 
L =3.6 mA 

27. R,=200Q 
I, = 120 mA 
V,=6V 
V,=6V 
V,=12V 
V,=12V 
V,=18V 


Answers 


Ve=24V 


1,=40 mA 
1,=30mA 
1,=10mA 
1,=20mA 
I,=10mA 
I,=80mA 


SECTION 6-5 ANALYZING 
SERIES-PARALLEL CIRCUITS 
WITH RANDOM UNKNOWNS 


29. R, = 300Q 
L, =70 mA 
V,=21V 
V,=7V 
V,=9.24V 
V, = 4.76 V 
L=42 mA 
I, =28 mA 

31. R, = 800Q 
I, =30 mA 
V,=24V 
V,=54V 
V,=12V 
V,=3V 
V, = 6.6 V 
V,=2.4V 
V, = 6.6 V 
I,=10mA 
L =20mA 
1,=20mA 
I, =20mA 

33. I, =30mA 
R,=1KQ 
V, = 10.8 V 
V, = 10.8 V 
V, = 10.8 V 
V, =21.6 V 
R,=600Q 
V.=3V 
L=18 mA 
L = 10.8 mA 
L=72mA 
L, =12 mA 
1, =30 mA 


SECTION 6-6 THE WHEATSTONE 
BRIDGE 


35. a. Ry =6,816Q 
b. Vo = Vps = 8.33 V 
ce 1,=1.91mA 
37. a. Ryng = 99.999 Q 
b. Ryan = 999.99 Q 
c. Ryan = 9999.9 Q 
d. Ryan = 99,999 Q 
e. Ryan = 999,990 Q 
f. Rya = 9,999,900 Q 


39. R, must be adjusted to 1 KQ. 
41. a. The thermistor resistance is 
4250 Q. 
b. T, has increased above 25°C. 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


43. a. R =657Q 

b. Recommended wattage 
rating is 25 W approximately. 

ce R,=857Q 

45. With V; reversed in polarity, the 
circuit will not operate properly. 
For example, if the ambient 
temperature increases, the voltage 
across points C and D becomes 
positive. This causes the output 
voltage from the amplifier to go 
negative, which turns on the 
heater. This will increase the 
temperature even more. 
Unfortunately, the heater will 
continue to stay on. If the 
temperature would have 
decreased initially the voltage 
across points C and D would have 
gone negative. This would make 
the output of the amplifier go 
positive, thus turning on the air 
conditioner, making the 
temperature decrease even further. 


Answers to 
Troubleshooting 
Challenge, Table 6-1 


Trouble 1: R, open 
Trouble 3: R, open 
Trouble 5: R, shorted 
Trouble 7: R, open 
Trouble 9: R, shorted 
Trouble 11: R, shorted 


Chapter 7 


SECTION 7-1 SERIES VOLTAGE 
DIVIDERS 


1. V,=3V 
V,=6V 
V,=9V 

3. V,=4V 
V,=6V 
V,=8V 

5. V,=2.5V 
V,=75V 
V,=15V 


Odd-Numbered Problems and Critical Thinking Problems 


7. a V,=9V;V,=900 mV; 
V, = 100 mV 
b V,,=10V;V,,=1V; 
Vig = 100 mV 
9. V,=16V; V,=8 V; V, = 16 V, 
V,=8V 


Vig = 48 V; Vag = 32 V; 
Veg = 24 V; Vig = 8 V 
11. a R,=15kQ 


b. I= 1.6 mA 
ce V =16V, Vp =8V 
d. 0to8 V 


SECTION 7-2 CURRENT DIVIDER 
WITH TWO PARALLEL 
RESISTANCES 


13. I,=16mA 
L=8mA 
15. [,=64mA 
L=16mA 
17. I, =48 mA 
L=72mA 


SECTION 7-3 CURRENT 
DIVISION BY PARALLEL 


CONDUCTANCES 

19. 1,=3.6A 
L=24A 
L=3A 

21. I, =45 mA 
L =4.5 mA 
L = 16.5 mA 

23. I, =25 pA 
L =37.5 pA 
L= 12.5 pA 
1,=75 uA 


SECTION 7-4 SERIES VOLTAGE 
DIVIDER WITH PARALLEL LOAD 
CURRENT 


25. The voltage, V,,, decreases when 
S, is closed because R, in parallel 
with R, reduces the resistance 
from points B to G. This lowering 
of resistance changes the voltage 
division in the circuit. With S, 
closed, the resistance from B to G 
is a smaller fraction of the total 
resistance, which in turn means 
the voltage, V,,,, must also be less. 

27. Resistor R, 


SECTION 7-5 DESIGN OFA 
LOADED VOLTAGE DIVIDER 


29. a. 1,=56mA 
L=11 mA 
L=6mA 
I, =66 mA 
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b. V,=10V 


V,=9V 
V,;=6V 
ce R =178.6Q 
R, = 818.2 Q 
R,=1KQ 
d. P,=560 mW 
P, = 99 mW 
P, = 36 mW 
31. a. I, =38 mA 
I =18 mA 
I,=6mA 
I, = 68 mA 
b. V,=9V 
V,=6V 
V,=9V 
ce. R = 236.80 
R, = 333.3 Q 
R,=1.5kQ 
d. P,=342 mW 
P, = 108 mW 
P,=54mW 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


33. R, = 1 KQ and R, = 667 Q 
35. See Instructor’s Manual. 


Answers to 
Troubleshooting 
Challenge 


TABLE 7-2 

Trouble 1: R, open 

Trouble 3: R, shorted 

Trouble 5: R, shorted 

Trouble 7: R, open 

TABLE 7-3 

Trouble 1: R, open 

Trouble 3: R, open 

Trouble 5: R, open 

Trouble 7: R, or load C shorted 


Chapter 8 


SECTION 8-2 METER SHUNTS 


1. aw RG=SO0Q 
b Ro =5.56Q 
ce. R,=2.08Q 
d. R,=0.505 Q 
3. a R,=1kQ 
b Ry, = 52.63 Q 
& R,=10.1Q 
d. R,=5.03Q 
e R,=1Q 
f. Ro=0.5Q 
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a R= 1111 Q 

R, = 20.41 Q 

R, = 4.02.2 
b. 1 mA range; Ryu = 100 Q 

5 mA range; Ry, = 20 Q 

25 mA range; Ru = 4 Q 
So that the current in the circuit 
is approximately the same with 
or without the meter present. If 
the current meter’s resistance is 
too high, the measured value of 
current could be significantly less 
than the current without the 
meter present. 


SECTION 8-3 VOLTMETERS 


9. 


11. 
13. 


15. 


g rating = Liga 
S rating = aape 
a. R =58kQ 
R, = 140 KQ 
R, = 400 kQ 
R, = 1.4 MQ 
R; =4 MQ 
R; = 14 MQ 


b. 3 V range; Ry = 60 kQ 
10 V range; Ry = 200 kQ 
30 V range; Ry = 600 kQ 
100 V range; Ry = 2 MQ 
300 V range; Ry = 6 MQ 


1000 V range; 

R, = 20 MQ 
c. + rating = “One 
a s rating = Le 
b. a rating = ike 
c S rating = Use 
d. 2 rating = ke 


SECTION 8-4 LOADING EFFECT 
OF A VOLTMETER 


17. 


19. 


a V=7.2V 
b. V=7.16V 
e V=7.2V 


Notice that there is little or no 
voltmeter loading with either 
meter since R, is so much larger 
than the value of R,. 

The analog voltmeter with an Ry 
of 1 MQ produced a greater 
loading effect. The reason is that 
its resistance is less than that of 
the DMM whose R, is 10 MQ. 


SECTION 8-5 OHMMETERS 


21. 


23. 


25. 


27. 


a Ry, =0Q 

b. Ry =250Q 

& Ry, =750Q 

d. Ry = 2.25 KQ 

e R= woQ 

The scale would be nonlinear 


with values being more spread 
out on the right-hand side and 
more crowded on the left-hand 
side. The ohmmeter scale is 
nonlinear because equal 
increases in measured resistance 
do not produce equal decreases 
in current. 

Because the ohms values increase 
from right to left as the current in 
the meter backs off from full- 
scale deflection. 

On any range the zero-ohms 
adjustment control is adjusted for 
zero ohms with the ohmmeter 
leads shorted. The zero ohms 
control is adjusted to compensate 
for the slight changes in battery 
voltage, V,, when changing 
ohmmeter ranges. Without a zero 
ohms adjustment control, the 
scale of the ohmmeter would not 
be properly calibrated. 


SECTION 8-8 METER 
APPLICATIONS 


29. 


31. 


33. 


The ohmmeter could be damaged 
or the meter will read an incorrect 
value of resistance. When 
measuring resistance, power must 
be off in the circuit being tested! 
A current meter is connected in 
series to measure the current at 
some point in a circuit. 
Connecting a current meter in 
parallel could possibly ruin the 
meter due to excessive current. 
Remember, a current meter has a 
very low resistance and 
connecting it in parallel can 
effectively short-out a component. 
a 0Q 

b. Infinite (co) Q 


ANSWERS TO CRITICAL 


THINKING PROBLEMS 


35. R, =40Q, R, =8Q, and 


37. 


R,=2Q 
10 kQ/V 


Answers 


Chapter 9 


SECTION 9-1 KIRCHHOFF’S 
CURRENT LAW (KCL) 


1 L=15A 
3. 1,=6mA 
5. PointX:6A+11A+8A-— 
25A=0 
Point Y:25A-2A- 16A- 
7A=0 
Point Z: 16 A — 5 A — 
11A=0 
SECTION 9-2 KIRCHHOFF’S 
VOLTAGE LAW (KVL) 


7a 45V4+54V+81V= 
18 V. This voltage is the 
same as the voltage Vg, 
b. 6V+18V+12V=36V. 
This voltage equals the 
applied voltage, V,. 
ce 6V4+45V454V4+81V 
+ 12 V = 36 V. This voltage 
equals the applied voltage, V;. 
d. 18V-81V-S5S4V= 
4.5 V. This voltage is the 
same as the voltage V},. 
9. Vig=t8V 
Vag =0 V 
11. Vis =-—50 V 
Vag = —42.5 V 
Vog = —33.5 V 
Vba = —20 V 
Vio = —30 V 


13. 20V -2.5V-17.5V=0 
15. 17.5 V + 12.5 V — 
10V—-20V=0 
SECTION 9-3 METHOD OF 
BRANCH CURRENTS 


17. a. 
b. 
(A 


d. 


Odd-Numbered Problems and Critical Thinking Problems 


I,+1,-1,=0 
L=1,-1, 

—V, — Vp, + Vp, = 0 or 
—24 V — Vp, + Vp, =0 
—V, + Va, + Vp, = 0 or 
—12 V + Vk, + Vg, =0 

Ve, = LR, =1,12 Q or 127, 
Vg, = LR, = 1,24 Q or 241, 
Va, = LR, = (p — 1,)12 Q or 
120, — 1) 

Loop 1: 

-24 V —12(,-1,) + 

127, =0 

Loop 2: 

—12 V +241, + 

12, —1,) =0 


Loop 1: 

241, — 121, = 24 V which 
can be reduced further to: 
27,-1,=2V 

Loop 2: 

—12/, + 361, = 12 V which 
can be reduced further to: 
-[,+3]L,=1V 

L=14A 

I, = 800 mA 

I, = —600 mA 

No. The assumed direction 
for Z, was incorrect as 
indicated by its negative 
value. I, actually flows 
downward through R}. 

Va, ZAR = 14 AX 12Q= 
16.8 V 

Vp, = LR, = 800 mA x 24 Q 
=192V 

Va, = LR, = 600 mA x 12 Q 
=72V 

Loop 1: 

—24 V + 7.2 V +16.8 V =0 
Loop 2: 
12V+72V-19.2V=0 


. 1 -1,-1,=0o0r 


1.4 A — 800 mA — 
600 mA = 0 


SECTION 9-4 NODE-VOLTAGE 
ANALYSIS 


L-1,-1,=0or,= 
L+, 

Ve, Va, Vy 
10Q 102 5Q- 
or 

Ve, _ Va, Vy 
02 0a 5a 
V, + Vp, — Ve, = 0 or 
10 V + Vg, — Va, =0 
—V, + Vg, + Vp, = 0 or 
-15 V + Vp, + Vp, =0 
Va, = Vi + Vy or Va, = 


0 


10V+Vy 
Va, = Va — Vy OF 
Vp, = 15 V - Vy 
EE 
102 
1lOV+Vy Vy 
oa *35Q 
Vy = 1.25 V 
Va, = 10 V + 1.25 V= 
11.25 V 


Vg, = 15 V — 1.25 V = 
13.75 V 

Yes. Because the solutions 
for Vg, and Vg, were both 
positive. f 

L =1.125 A 

L= 1375A 

L = 250 mA 

For the loop with V, we have 
10 V + 1.25 V — 11.25 V = 
0 going CCW from the 
positive (+) terminal of V,. 
For the loop with V, we have 
—15 V + 1.25 V + 13.75 V 
= 0 going CW from the 
negative (—) terminal of V}. 
I,-1,-1,=0o0r1.375A 

— 1.125 A — 250 mA = 0 


SECTION 9-5 METHOD OF 
MESH CURRENTS 


21. a. 


b. 


— 
. 


mean 


V,, R, and R, 

V,, R, and R, 

R, 

201, — 10% = —40 V 

—10/, + 25% = —20 V 

I, =-3A 

I,=—-2A 

L=l=-3A 
L=I1,=-2A 

L=1A 

No. Because the answers for 
the mesh currents J, and J 
were negative. 

L flows in the same direction 
as I, or up through R}. 

Va, =1R, =3 AX 

10 Q = 30 V 

Vp, =LR,=2AX 
15Q=30V 

Va, = bR,;=1AX 
10Q2=10V 
30V+10V—-40V=0 
-20 V-10V+30V=0 
,+1,-1,=Oor2A+1A 
-3A=0 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 
23. 1, =413.3 mA, J, = 40 mA, 
and [, = 253.3 mA 
I, =413.3 mA 
LI, = 373.3 mA 
L = 413.3 mA 
I, = 40 mA 
I, = 293.3 mA 
I; = 40 mA 
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L = 253.3 mA 
I, = 253.3 mA 


Chapter 10 


SECTION 10-1 SUPERPOSITION 
THEOREM 


1. V>=-6V 
3. V»=10V 
5. Vip =0.2V 


SECTION 10-2 THEVENIN’S 
THEOREM 


7. When R, =3Q,1,=2.5A 


and V, =7.5 V 
When R, = 6 Q, 7, = 1.67 A 
and V, = 10 V 
When R, = 1202,/,=1A 
and V, = 12 V 

9. When R, = 100 Q, Z = 48 mA 
and V, = 4.8 V 
When R, = 1 kQ, 7, = 30 mA 
and V, = 30 V 


When R, = 5.6kQ, I, = 
10.29 mA and V, = 57.6 V 
11. When R, = 200 Q, J, = 45 mA 


and V, =9 V 
When R, = 1.2 KQ, J, = 20 mA 
and V, = 24 V 
When R, = 1.8 KQ , 3 = 15 mA 
and V, = 27 V 


13. 7, =20 mA and V, = 24 V 


SECTION 10-3 THEVENIZING A 
CIRCUIT WITH TWO VOLTAGE 
SOURCES 


15. I, = 208.3 mA and Vp, = 3.75 V 
17. Å =37.5 mA and Vz, = 2.1 V 


SECTION 10-4 THEVENIZING A 
BRIDGE CIRCUIT 


19. V= 10 V and Ry, = 150 Q 
21. V =9 V and Ry, = 200 Q 


SECTION 10-5 NORTON’S 
THEOREM 


23. L,=S5 Aand Ry =6Q 
25. I, = 1.5 A and Ry = 10Q 
27. I, = 500 mA and Ry = 30 Q 
l = 333.3 mA 
V=5SV 


SECTION 10-6 THEVENIN- 
NORTON CONVERSIONS 


29. Vy =24V 
Ry = 1.2kQ 
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31. Iy=30mA 
Roy = 1.2 kQ 


SECTION 10-7 CONVERSION OF 
VOLTAGE AND CURRENT SOURCES 


33. a. See Instructor’s Manual. 
b. V,=30V andR=24Q 
e L=1A 
Vp, =6V 
SECTION 10-8 MILLMAN’S 
THEOREM 


35. Vy = -28 V 
37. Vey =0V 


SECTION 10-9 T ORY AND z OR 
A CONNECTIONS 


39. R, = 17.44 Q, R, = 19.63 Q, and 
R.=314Q 
41. R=7Q 
L=3A 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 


43. I, =0 A and V, =0V 
45. Vr =21.6 V 
Ry = 1202 
L =67.5mA 
V,=13.5V 


Chapter 11 


SECTION 11-1 FUNCTION OF 
THE CONDUCTOR 


1. a. 100ft 
b. R,=8.16Q 
I1=14.71 A 
1.18 V 
117.7 V 
17.31 W 
1.731 kW 
1.765 kW 
98.1% 


SECTION 11-2 STANDARD WIRE 
GAGE SIZES 


roo mean 


3. a. 25 cmils 
b. 441 cmils 
c. 1024 cmils 
d. 2500 cmils 
e. 10,000 cmils 
f. 40,000 cmils 
5. a R=1.018Q 
b. R=2.042Q 
ce R=4,094Q0 
d. R=26.17Q 
7. A 1000-ft length of No. 23 gage 
copper wire 


SECTION 11-3 TYPES OF WIRE 
CONDUCTORS 


9. No. 10 gage 
11. No. 19 gage 


SECTION 11-6 SWITCHES 


13. a. 6.3 V 
b. OV 
c. No 
d. OA 
15. a. See Instructor’s Manual. 
b. See Instructor’s Manual. 
SECTION 11-8 WIRE 
RESISTANCE 
17. a R=2.54Q 
b. R=4.16Q 
ce R=2446Q0 
19. a R=0.32Q 
b. R=0.642 


21. R=0.127 Q (approx.) 

23. No. 16 gage 
SECTION 11-9 TEMPERATURE 
COEFFICIENT OF RESISTANCE 


25. R=124Q 
27. R=140Q 
29. R=85Q 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


31. See Instructor’s Manual. 


Chapter 12 


SECTION 12-6 SERIES- 
CONNECTED AND 
PARALLEL-CONNECTED CELLS 


1. V, =3 V, 1 = 30 mA, the current 
in each cell equals 30 mA. 
3. V= 1.25 V, 3 = 50 mA, the 
current in each cell equals 25 mA. 
5. V, =3 V, 4 = 300 mA, the current 
in each cell equals 100 mA. 
SECTION 12-8 INTERNAL 
RESISTANCE OF A GENERATOR 
7. 7,=2Q 
9, 7,=6Q 
11. 7,=152 
SECTION 12-9 CONSTANT- 
VOLTAGE AND 
CONSTANT-CURRENT SOURCES 
13. a J =1yA;V,=0V 
b. 4 x1 pA; V, ~ 100 nV 
ce FL xlywA; V x1 mV 
d. Z =0.99 uA; V, = 99 mV 


Answers 


SECTION 12-10 MATCHING A 
LOAD RESISTANCE TO THE 
GENERATOR r, 


15. a. 1,=1.67A 
V,=16.67V 
P, =27.19 W 
P,=167W 
% Efficiency = 16.64% 
b. 1,=133A 
V, =33.3.V 
P, =44.44W 
P, =133 W 
% Efficiency = 33.4% 
«e [L=1A 
V,=50V 
P, =50W 
P,=100W 
% Efficiency = 50% 
d. 7, =800mA 
V,=60V 
P,=48W 
P,=80W 
% Efficiency = 60% 
e. 1,=667mA 
V, = 66.67 V 
P, =44.44W 
P, =66.7 W 
% Efficiency = 66.67% 
17. a R, =8Q 
b. P, = 78.125 W 
c. % Efficiency = 50% 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 


19. a. R, =302 
b. Pioa = 2.7 W 


L(max) 


Chapter 13 


SECTION 13-2 MAGNETIC FLUX, p 


1. a. 1Mx=1 magnetic field line 
b. 1Wb= 1 x 10° Mx or 
1 x 10° magnetic field lines 


3. a. 1x 10° Wb 

b. 1x10“ Wb 

c. 1x10° Wb 

d. 1x10° Wbor 1 puWb 
5. a. 4000 Mx 

b. 2.25 x 10°° Wb 

c. 8x 107 Wb 

d. 6.5 x 10* Wb 


7. 9x 10° magnetic field lines 
SECTION 13-3 FLUX DENSITY, B 


9. a 1G=1Mx 
cm 

b. 1T=1Wd 
m 


11. 


13. 


15. 
17. 
19. 
21. 
23. 
25. 


a. 0.4T 

b. 80T 

c. 0.06T 

d. 1T 

a. 905G 

b. 1x10°G 
ce 7.5T 

d. 175T 
0.05 T 

4000 G or 4kG 
0.133 T 
240,000 Mx 
0.02 Wb 


1 x 10° magnetic field lines 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


27. a. 40,300 Mx 
b. 403 Wb 
Chapter 14 


SECTION 14-1 AMPERE-TURNS 
OF MAGNETOMOTIVE FORCE 


(MMF) 

1. a. Gilbert (Gb) 
b. Ampere-turn (A-t) 

3. a. 20At 
b. 2At 
ec 10At 
d. 180A+t 

5. a. N = 1000 turns 
b. N = 4000 turns 
c. N = 2500 turns 
d. N= 50 turns 

7. a 100At 
b. 30A+t 
ce 500 At 


SECTION 14-2 FIELD 
INTENSITY (H) 


9. 


11. 


13. 


500 At 
100 At 
50 tr 


200 At 

0.63 Oersteds 
1.89 Oersteds 
12.6 x 10° 
63 x 10° 
126 x 10°° 
630 x 10°° 

e 1.26 x 10° 


7 p 


POPP SPP p 


15. u, = 133.3 


Odd-Numbered Problems and Critical Thinking Problems 


SECTION 14-3 B-H 
MAGNETIZATION CURVE 


17. a. 126x10% 
b. 88.2 x 10° 


SECTION 14-9 GENERATING AN 
INDUCED VOLTAGE 


19. va =8V 
21. va =2KV 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


23. See Instructor’s Manual. 


25. a. Ry = 1.5930 
b. Rp = 17.593 Q 
c. V, =218.3 V 
d. PR power loss = 296.5 W 
e. P, = 2.98 kW 
f.o P,=3.27kW 
g. % Efficiency = 91.1% 


27. With a relay, the 1000-ft length 
of wire does not carry the load 
current, /,, and thus the circuit 
losses are reduced significantly. 


Chapter 15 


SECTION 15-2 ALTERNATING- 
VOLTAGE GENERATOR 


1. a. 90° 
b. 180° 
c. 270° 
d. 360° 

3. a. at 90° 
b. at 270° 


c. 0°, 180°, and 360° 
SECTION 15-3 THE SINE WAVE 


5. a v=10V 
b. v=14.14V 
ec v=17.32V 
d. v= 19.32 V 
e v=17.32 V 
f. v=-10V 


g. v=-17.32V 
7. Vx = 51.96 V 
SECTION 15-4 ALTERNATING 
CURRENT 
9 a. Counterclockwise 
b. Clockwise 
SECTION 15-5 VOLTAGE AND 
CURRENT VALUES FOR ASINE 
WAVE 
11. a. 100 V peak-to-peak 
b. 35.35 V rms 
c. 31.85 V average 
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56.56 V peak 

113.12 V peak-to-peak 
36 V average 

47.13 mA rms 

66.7 mA peak 

133.3 mA peak-to-peak 
42.47 mA average 
16.97 V peak 

113 V peak 

25 V peak 

1.06 V peak 


SECTION 15-6 FREQUENCY 


19. a. 2000 cps 
b. 15,000,000 cps 
c. 10,000 cps 
d. 5,000,000,000 cps 


SECTION 15-7 PERIOD 


21. a. T=500 ps 
T = 250 ps 
ce T=S5yus 
d. T=0.5 us 
a. f= 200 Hz 
b. f= 100 kHz 
c 
d 


15. 


17. 


ae ebpearepooe 


= 


23. 


f=2 MHz 
f= 30 kHz 


SECTION 15-8 WAVELENGTH 


25. a. 186,000 mi/s 
b. 3x 10° cm/s 
c. 3x 10° m/s 

27. a. 8000 cm 

b. 4000 cm 

c. 2000 cm 

d. 1500 cm 

2m 

a. f= 1.875 MHz 

b. f= 30 MHz 

c. f= 17.65 MHz 

d. f= 27.3 MHz 


SECTION 15-9 PHASE ANGLE 


33. A sine wave has its maximum 
values at 90° and 270° whereas a 
cosine wave has its maximum 
values at 0° and 180°. 

SECTION 15-10 THE TIME FACTOR 
IN FREQUENCY AND PHASE 

35. a. t= 83.3 us 
b. t= 125 us 
c. t= 166.7 us 
d. ż= 250 us 

SECTION 15-11 ALTERNATING 
CURRENT CIRCUITS WITH 
RESISTANCE 


37. R,=250Q 
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1=40mA 
V,=4V 
V,=6V 
P, = 160 mW 
P, = 240 mW 
P, = 400 mW 
39. R, = 900Q 
I, =40 mA 
V,=7.2V 
V, = 28.8 V 
V, = 28.8 V 
L=24mA 
L=16mA 
P, = 288 mW 
P, = 691.2 mW 
P, = 460.8 mW 
P,=144W 


SECTION 15-12 NONSINUSOIDAL 


AC WAVEFORMS 


41. a. V=100 V peak-to-peak 
f= 20 kHz 
b. V=30 V peak-to-peak 
f= 500 Hz 
c. V= 100 V peak-to-peak 
f= 2.5 kHz 
SECTION 15-13 HARMONIC 
FREQUENCIES 


43. 1 kHz First odd harmonic 
2kHz First even harmonic 
3 kHz Second odd harmonic 
4kHz Second even harmonic 
5kHz Third odd harmonic 
6kHz Third even harmonic 
7kHz Fourth odd harmonic 

45. 750 Hz 

47. 100 kHz 


SECTION 15-14 THE 60-Hz AC 
POWER LINE 

49. Transformer 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 

51. a. 68.3 ft 

b. 2083 cm 
53. f= 4.1 MHz 


Chapter 16 


SECTION 16-3 THE FARAD UNIT 
OF CAPACITANCE 


1l. a. Q=50 nC 
b. Q=25 puC 
ce Q=1.5uC 
d. Q=11 xC 
e Q= 136 nC 
f. Q=141nC 


Bo PPPPRAPTPPRPEP 


V=2.5V 
V=6.25 V 
V=125 V 
V=50V 

V=75V 

C= 15 uF 

C = 0.5 uF or 500 nF 
C=4 uF 

C = 0.22 uF or 220 nF 
C=0.001 uF 

C = 0.04 uF or 40 nF 
C= 1.77 pF 

C= 2.213 nF 

C = 44.25 nF 

C= 106.2 nF 


SECTION 16-6 CAPACITOR 


CODING 
9. a. 


b. 


11. 


13. a. 


e 
f. 
a 
b 
c 
d 
a 
b 
c 
d 
S 


15. See 


C = 0.0033 pF; 
+80%, —20% 

C = 0.022 uF; 
+100%, —0% 

C = 1800 pF; +10% 
C = 0.0047 uF; 
+80%, —20% 

C = 100,000 pF; +5% 
C= 0.15 pF; +20% 
C = 56 pF 

C = 12,000 pF 

C = 560,000 pF 

C = 22 pF 

C = 0.47 uF, +10% 
C= 6.2 uF, +5% 
C= 15 uF, +10% 

C = 820 uF, +5% 
Instructor’s Manual. 


SECTION 16-7 PARALLEL 
CAPACITANCES 


17. C,=0.38 uF 


19. a. 
b. 


hoap 


V=10V 
Q,=1mC 
Q, = 2.2 mC 
Q, = 6.8 mC 
Q,=10mC 
Q, = 1000 „F 


SECTION 16-8 SERIES 
CAPACITANCES 


21. Cio 

23. a. 
b. 
c. 


d. 
25. 600 


= 600 pF 

Ceo = 5 HF 

Q, = Q, = Q, = 180 4C 
Va = 18 V, Va =6V, 


180 uC 
pF 


Answers 


SECTION 16-9 ENERGY STORED 
IN ELECTROSTATIC FIELD OF 
CAPACITANCE 


27. a S=5ApI 
b. €=135 py) 
ec €=3375 mJ 


SECTION 16-10 MEASURING 
AND TESTING CAPACITORS 


29. a. 47,000 pF 
b. 1,500 pF 
c. 0.39 uF 
d. 0.001 pF 

31. Yes 

33. No 


SECTION 16-11 TROUBLES IN 
CAPACITORS 


35. The ohmmeter needle will deflect 
all the way to the right and then 
back off to infinity as the 
capacitor charges. 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


37. See Instructor’s Manual. 


Chapter 17 


SECTION 17-1 ALTERNATING 
CURRENT IN A CAPACITIVE 
CIRCUIT 


l. a I=0A 
b. Va =0V 
ce Vo=12V 

3. a. 1=400mA 
b. 7=400mA 
c 1=400mA 
d. 7=400mA 
e I=0A 


5. The amplitude of the applied 
voltage, the frequency of the 
applied voltage, and the amount 
of capacitance. 


SECTION 17- hides AMOUNT OF 
Xc: EQUALS 5-7 Safe 


7. a X.=265.26Q 

b. X.= 132.63 Q 
e X.=31.83Q 
d. X.=15.92Q 
a. f= 33.86 Hz 
b. f= 677.26 Hz 
c f=2.26 kHz 
d. f=67.73 kHz 
. f= 776.37 kHz 


13. a. X =20KkQ 
b. X.=5KQ 
ce. Xe=2.5KkQ 
d. X.=1kQ 

15. a. C= 0.05 uF 
b. C=0.0125 uF 
c. C = 0.004 uF 
d. C= 1.592 nF 


SECTION 1 7-3 SERIES OR 
PARALLEL CAPACITIVE 
REACTANCES 


17. a. Xa =5KQ 
b. X_=3kQ 
ce. Xer = 150 kQ 
d. Xa =3KkQ 
SECTION 17-4 OHM’S LAW 
APPLIED TO X, 


19. 1=50mA 
21. a. Xo = 2.4KkQ 
b. I=15mA 
c. Vo, =6 V, Vo= 12 V and Ve, 
=18 V 


23. C, = 1.25 uF, C, = 
0.625 uF, C, = 0.417 pF, 


Cgo = 0.208 uF 
25. a. Xo, = 400 Q, Xo, = 320 Q 
min, =809 
b. c, = 60 mA, Ie _=75mA 
on = 300 mA 


c 1,=435mA 
d. Xcuq = 55.170 
e C= 1.45 uF 
SECTION 1 7-5 APPLICATIONS 
OF CAPACITIVE REACTANCE 


27. C=3.183 uF 

C= 159 nF 

C =6.37nF 

C = 31.83 pF 
SECTION 1 7-6 SINE-WAVE 
CHARGE AND DISCHARGE 
CURRENT 


29. a. ip=lpA 
b. ig=1lmA 
ce. ig =500mA 


31. For any capacitor, i, and Vo are 
90° out of phase with each other, 
with i, reaching its maximum 
value 90° ahead of Vo. The 
reason that i, leads Vo by 90° is 
that the value of i, depends on 
the rate of voltage change across 
the capacitor plates rather than on 
the actual value of voltage itself. 


33. Č =25 MV/s 
dt 


Odd-Numbered Problems and Critical Thinking Problems 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


35. X, =625Q 
X,, = 500 Q 
Xo, = 5002 
C, =0.01 uF 
G = 0.03 uF 
Vo, =20 V 
Va = Va =5 V 
I,=10mA 
L =30 mA 


Chapter 18 


SECTION 18-1 SINE WAVE V, 
LAGS i, BY 90° 


1. a. 10V 
b. 10mA 
c. 10kHz 
d. 90° (i, leads V, by 90°) 
3. a. See Instructor’s Manual. 
b. See Instructor’s Manual. 


SECTION 18-2 X. AND RIN 
SERIES 


5. a. Jand V, are in phase 
b. V, lags I by 90° 
c. V, lags Vg by 90° 


7. See Instructor’s Manual. 
9, a V,=7.07V 

b. Ve =7.07 V 

ce V,=10V 


SECTION 18-3 IMPEDANCE 2 
TRIANGLE 


11. Z,=25Q 
I=4A 
V.=80V 
V, = 60 V 
0, = —53.13° 

13. Z,=21.63 Q 
1=231A 
Vo = 41.58 V 
V, = 27.712 V 
0, = —56.31° 

15. Z, = 10.44 kQ 
1=2.3mA 
V.=6.9V 
V, =23 V 
0, = —16.7° 

17. X.=5kQ 
Z, = 6.34 kQ 
1=5.68 mA 
V, = 22.15 V 
V.=28.4V 
0, = —52° 
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Xo increases. 
Z, increases. 
I decreases. 

Vo increases. 
Vp decreases. 


Pe ao se 


negative). 


SECTION 18-4 RC PHASE- 
SHIFTER CIRCUIT 


21. 


23. 


a. V, leads V, by 28°. 
b. V. lags V, by 62°. 
a. Z, = 26.55 kQ 


I= 4.52 mA 
V: = 119.9 V 
V, = 4.52 V 

0, = —87.84° 


b. V} leads V., by 87.84°. 


ce. V, lags Vy by 2.16°. 


SECTION 18-5 X: AND RIN 
PARALLEL 


25. 


27. 


29. 


31. 


33. 


35. 
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a. 120 V 


Zgo = 22.37 Q 

0, = 63.4° 

I, = 200 mA 

I, = 200 mA 

I, = 282.8 mA 

Zgo = 63.65 Q 

0, = 45° 

a R=1A 
I,=1A 
I = 1.414 A 
Zgo = 35.36 Q 
0, = 45° 

b. =2A 
I, = 200 mA 
I =2.01 A 
Zgo = 9.95 Q 
6, =5.7° 

c. J, = 200 mA 
I,=2A 
I,=2.01 A 
Zgo = 9.95 Q 
0, = 84.3° 

Xc = 500 Q 

I, = 20 mA 

Ic = 48 mA 


0, increases (becomes more 


I = 52 mA 

Zeo = 461.54 Q 

= 67.38° 

Ix stays the same. 

Ie decreases. 

I, decreases. 

Zgo Increases. 

6, decreases. 
SECTION 18-6 RF AND AF 
COUPLING CAPACITORS 


39. f= 33.86 kHz 
0, = —5.71° 
SECTION 18-7 CAPACITIVE 
VOLTAGE DIVIDERS 


37. 


A-S 


p 


41. Va =50V 
Vo, = 20 V 
Vo, = 10 V 


SECTION 18-8 THE GENERAL 


CASE OF CAPACITIVE CURRENT i, 


43. See Instructor’s Manual. 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


45. [.=400mA 
I, = 300 mA 
V, =36 V 
X.=902 
C = 5.56 uF 
Zag = 72 Q 


Chapter 19 


SECTION 19-1 INDUCTION BY 
ALTERNATING CURRENT 
1. A small current change of 1 to 
2mA 
3. A high-frequency alternating 
current 
SECTION 19-2 SELF- 
INDUCTANCE L 


5. a. L=10H 


b. L=1.5 mH 
e L=15H 
d. L=6mH 
e L=3mH 
f. L=375 uH 
g L=15H 

7. L= 50 mH 

9. L= 2.53 uH 


SECTION 19-3 SELF-INDUCED 
VOLTAGE, v, 


11. v, =500 V 
13. a v,=10V 
b. v,=20V 


e vy=5V 
d. v =100V 
SECTION 19-5 MUTUAL 
INDUCTANCE Lum 
15. k=0.75 
17. Ly, = 61.24 mH 
SECTION 19-6 TRANSFORMERS 
19. a. Vs =24 Vac 


b. I;=2A 
ce P..=48W 
d. P,,,=48W 
e. J,=400mA 
21. ac V; = 120 Vig 
b. Vs = 24 Vac 
ce. I; =50mA 
d. I,=1A 
e P,.,.=6W 
f. Po =24W 
g P,=30W 
h. J,=250mA 
Np _ 3 
23 a. Ne =F 
b. L=25A 


ce. J = 833.3 mA 
25. % Efficiency = 80% 


SECTION 19-7 TRANSFORMER 
RATINGS 


27. The power rating of a transformer 
is specified in volt-amperes (VA), 
which is the unit of apparent 
power. 

29. To identify those transformer 
leads with the same 
instantaneous polarity 


31. a. v= = 32 Vi. 
be Vig = 60 Vac 
C Kima = 1.875 A 
d isaga = =1.67A 
e. =1.33A 


Tpcnax) 


33. 1, =210 mA 


SECTION 19-8 IMPEDANCE 
TRANSFORMATION 


35. a. Z,=200Q 


b. Z=1250 
ce Z,=6.25 KQ 
d. ai 
e Z=50 
Np 

37. No 18:1 


SECTION 19-12 INDUCTANCES 
IN SERIES OR PARALLEL 


39. a. L,=20mH 
b. L,=18mH 


Answers 


ce L,=1mH 

d. L,=10mH 
41. L,=660 mH 
43. a. L,= 82.63 mH 


b. L,=37.37mH 


SECTION 19-13 ENERGY 


IN MAGNETIC FIELD OF 
INDUCTANCE 


45. Energy = 243 uJ 

47. Energy = 675 mJ 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 

49. Z = 36.36Q 


51. = 312.5 mA 


Chapter 20 
SECTION 20-1 HOW X, 
REDUCES THE AMOUNT OF | 


1. X,=0QatDC 
3. Ine =25A 


5. 


a. 


Because with S, in position 2 
the inductor has an inductive 
reactance, X,, in addition to 
the DC resistance, r, to limit 
the circuit’s current flow. 
With S, in position | only the 
DC resistance of the coil 
limits current flow since there 
is no X, for direct current. 


b. X,=4kQ 


SECTION 20-2 X, = 2zfL 


7. a. X,=37.72 
b. X,=754Q 
e X,=1kQ 
d. X, =6.28kQ 

9. a. L= 500 mH 
b. L= 100 mH 


11. 
13. 


15. 


17. a. f= 1.99 kHz 
f= 530.52 kHz 
f=3.183 kHz 


f=7.96 kHz 


SECTION 20-3 SERIES OR 
PARALLEL INDUCTIVE 
REACTANCES 


19. a. X49 =7202 
b. Xs = 600 Q 
© Xizo = 1502 
d. Xiro = 133.3 


SECTION 20-4 OHM’S LAW 
APPLIED TO X, 


21. a. Jincreases. 
b. J decreases. 

23. L, = 10 mH, L, = 12 mH, 
L, = 18 mH, and L, = 40 mH 


25. a. 1, =600mA, 
1, = 200 mA, 
I, = 800 mA 
l=1.6A 
e Xm=75Q 
27. a. X, =1.6 kQ, 
X, = 6.4 kQ and 
X, = 1.28 kQ 
b. 1, =20 mA, 
I =5mA, 
i, =25mA 
ec [,=50mA 
Xiro = 640 Q 


SECTION 20-6 WAVESHAPE 
OF V, INDUCED BY SINE-WAVE 
CURRENT 


29. V, leads i, by a phase angle of 
90°. This 90° phase relationship 
exists because V, depends on 
the rate of current change rather 
than on the actual value of 
current itself. 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


31. L, = 60 mH 
L, = 40 mH 


3 


33. L = 10 mH, L, = 120 mH, and 
L, = 40 mH 


Odd-Numbered Problems and Critical Thinking Problems 


Chapter 21 


SECTION 21-1 SINE WAVE i, 
LAGS v, BY 90° 


1. 


10 V 
10 mA 
10 kHz 
90° 


SP eaose 


SECTION 21-2 X, AND RIN 
SERIES 


5. 


a. 0° 
b. 90° 


c. 90° 


7. See Instructor’s Manual. 


9. a Ve=7.07V 
b. V,=7.07V 
e V;=10V 


See Instructor’s Manual. 
See Instructor’s Manual. 


SECTION 21-3 IMPEDANCE 2 


TRIANGLE 


11. Z,= 1250 
1 = 288 mA 
V, =21.6 V 
V, = 28.8 V 
0, = 36.87° 

13. Z,=11.18kQ 
1= 10.73 mA 
V, = 107.3 V 
Vp = 53.67 V 
0, = 63.44° 


15. 


17. 


19. 


Z, = 42.43 Q 
T=1.18A 

V, = 35.35 V 

Vk = 35.35 V 

0, = 45° 

X, = 1.8kQ 

Z, = 3.25 KQ 

I= 30.77 mA 

Vg = 83.1 V 

V, = 55.4 V 

0, = 33.7° 

X, decreases. 
Z, decreases. 
I increases. 
Vp increases. 
V, decreases. 
0, decreases. 


me ee ee 


SECTION 21-4 X, AND RIN 
PARALLEL 


21. 


23. 


a. 0° 

b. J, lags V, by 90°. 

c. J, lags i by 90°. 
See Instructor’s Manual. 
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25. p=3A 
L=2A 
I,=3.61A 
Zeo = 33.24 Q 
0, = —33.7° 

27. Ip =4.8mA 
i =2mA 
l = 5.2 mA 
Zgo = 4.62 KQ 
0, = —22.62° 

29. Z = 192 Q 

31. a. J, stays the same. 
b. J, decreases. 
c. J, decreases. 
d. Z,, increases. 


2 


0; becomes less negative. 
SECTION 21-5 Q OF A COIL 


33. a Q=3.14 
b. Q=6.28 
ec Q=10 
d. Q=62.83 


35. R, = 94.250 


SECTION 21-6 AF AND RF 
CHOKES 


37. a. L=4.78H 
b. L=954.9 mH 
ce L=11.94mH 
d. L=2.39mH 

39. a V,,=9.95 V, 
b. V,,,=7.07V 


out ae p-p 

ce Vi. = 995 MV p 
SECTION 21-7 THE GENERAL 
CASE OF INDUCTIVE 
VOLTAGE 


41. See Instructor’s Manual. 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 
43. [,=6mA 
I =3mA 
I, =5.2 mA 
X, =2.31 KQ 
R=4kQ 
L = 36.77 mH 


Chapter 22 


SECTION 22-1 RESPONSE OF 
RESISTANCE ALONE 


1. The current, Z, reaches its steady- 


state value immediately because 
a resistor does not provide any 
reaction to a change in either 
voltage or current. 
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3. The resistor provides 2 Q of 
resistance to oppose current from 
the 12 V source but it does not 


provide any reaction to the closing 


or opening of the switch, S,. 


SECTION 22-2 $ TIME 
CONSTANT 
5. a. T= 200 us 
b. 240 mA 
c. OmA 
d. Approximately 151.7 mA 
e lms 
7. a. Either increase L or decrease R 
b. Either decrease L or increase R 


SECTION 22-3 HIGH VOLTAGE 
PRODUCED BY OPENING AN RL 
CIRCUIT 


9. Without a resistor across S, there 
is no way to determine the time 
constant of the circuit with S, 
open. This is because there is no 
way of knowing what the 
resistance of the open switch is. 
We do know, however, that the 
time constant will be very short 
with S, open. This short time 
constant will result in a very 


large g value which in turn will 


produce a very large induced 
voltage across the open contacts 
of the switch. This will most 
likely produce internal arcing 
across the open switch contacts. 


SECTION 22-4 RCTIME 


CONSTANT 

ll. a Vo=316V 
b. V:=50V 
ec V:=50V 

13. a. T=l1s 
b. T=1.5 ys 
ec T=89.1 us 
d. T=200ms 

15. a 25V 
b. Vo= 40.8 V 
ec Ve=50V 


SECTION 22-5 RC CHARGE AND 
DISCHARGE CURVES 


17. a. 500 pA 
b. Zero 
c V,=184V 
d. 184 yA 


SECTION 22-6 HIGH CURRENT 
PRODUCED BY SHORT- 
CIRCUITING AN RC CIRCUIT 


19. a. T=100ms 
b. T= 250 us 
21. a V.=O0V 
b. V.z=3V 
ce J=30mA 
23. ¢=45 mJ 


SECTION 22-8 LONG AND 
SHORT TIME CONSTANTS 


25. a. Long 
b. Short 
27. a. The output is taken across 
the capacitor. 
b. Long 
SECTION 22-10 LONG TIME 
CONSTANT FOR RC COUPLING 
CIRCUIT 


29. a. T=1 ms 
tp z1 
b. RCTTO 


c. See Instructor’s Manual. 


SECTION 22-11 ADVANCED 
TIME CONSTANT ANALYSIS 


31. a Vi=0V 
b. Vo=I151V 
Vo = 189.6 V 
Vo = 233.1 V 
Vo = 259.4 V 
Vo=275.4V 
Vo = 290.9 V 
t = 356.7 ms 
t = 693.1 ms 
t=1.1s 
t=1.6ls 
f=23'5 
= 7.5 ms 
V =24V 
Vg = 13.17 V 
Vg = 6.33 V 
Vg = 3.25 V 
Vg = 856.5 mV 
SECTION 22-12 COMPARISON 
OF REACTANCE AND TIME 
CONSTANT 


33. 


35. 
37. 


Bae oePyereao ree moan 


P 


39. Reactance 

41. Long 

ANSWERS TO CRITICAL 
THINKING PROBLEMS 


43. a. 3 ms 
b. V= 24.35 V 
& Vo=15V 
d. V= 27.54 V 


Answers 


Chapter 23 


SECTION 23-1 AC CIRCUITS 
WITH RESISTANCE BUT NO 
REACTANCE 


1. R,=30Q 
1=500 mA 
V,=6V 
V,=9V 

3. 1, =3A 
L=2A 
L=5A 
Reg = 7.2 Q 


SECTION 23-2 CIRCUITS WITH 
X, ALONE 


5. X,,= 2502 
I= 480 mA 
V,=48V 
V,=72V 

7. 1,=12A 
L = 300 mA 
T,=15A 
Xg = 802 


SECTION 23-3 CIRCUITS WITH 
X- ALONE 


9. X= 9002 
1=20mA 
V,=44V 
V, = 13.6 V 

11. J,=100mA 
L = 400 mA 
I, = 500 mA 
Xoo = 20 2 


SECTION 23-4 OPPOSITE 
REACTANCES CANCEL 


13. a. net X =X, =60Q 


b. 1=400mA 
e V,=72V 
d. V.=48V 

15. a. [,=300mA 
b. Ie =200 mA 
e = =100mA 
d. X=X,=180Q 


SECTION 23-5 SERIES 
REACTANCE AND RESISTANCE 


17. a X=X.=75Q 


be Z,=125Q 
ec J=1A 

d. V,=100V 
e V,=S0V 

f. Vi=125V 
g. 0,=—36.87° 


X=X,=6002 
Z, = 750 .Q 
1=20mA 
V, =9V 
V, =36V 
V.=24V 
g. 0, =53.13° 
SECTION 23-6 PARALLEL 
REACTANCE AND RESISTANCE 


21. a I =150 mA 
b. Te = 600 mA 


mo aos Pp 


23. 


PE aorTPpR mean 
ao 
| 
= 
N 
© 


Zro = 94.86 Q 

g. 0, = —18.44° 
SECTION 23-7 SERIES- 
PARALLEL REACTANCE AND 
RESISTANCE 


25. a Z,=50Q 


b 1,=2A 

ce Vp, =60V 

d. Vo, =24 V, Vo, = 240 V 
and Vo, = 96 V 

e V= 144 V and 
V, =40 V 


f. 0, = —53.13° 
SECTION 23-8 REAL POWER 


27. a. Real power = 100 W 

Apparent power = 
125 VA 
PF = 0.8 

b. Real power = 180 mW 
Apparent power = 
300 mVA 
PF = 0.6 

c. Real power = 5.4 W 
Apparent power = 9 VA 
PF = 0.6 

d. Real power = 1.44 W 
Apparent power = 
1.52 VA 
PF = 0.947 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


29. C= 6.63 uF or 46.4 uF 


Odd-Numbered Problems and Critical Thinking Problems 


Chapter 24 


SECTION 24-1 POSITIVE AND 
NEGATIVE NUMBERS 


1. a. 0° 
b. 180° 
SECTION 24-2 THE j OPERATOR 
3. The j axis 
5. a. Real numbers 
b. Imaginary numbers 


7. a. 25 units with a leading phase 
angle of +90° 

b. 36 units with a lagging phase 
angle of —90° 

SECTION 24-3 DEFINITION OF A 
COMPLEX NUMBER 


9. Rectangular form 
11. a. The phase angle is greater 
than 45°. 
b. The phase angle is less 
than 45°. 
The phase angle is —45°. 
d. The phase angle is more 
negative than —45°. 
e. The phase angle is less 
than 45°. 
SECTION 24-4 HOW COMPLEX 
NUMBERS ARE APPLIED TO AC 
CIRCUITS 


13. 0° 


SECTION 24-5 IMPEDANCE IN 
COMPLEX FORM 


lg 


15. a 10Q+j20Q 
b. 15Q+j10Q 
e 0Q-jikQ 
d. 1.5 kQ -j2 kQ 
e 1502+j0Q 
f. 75Q2-j75Q 


SECTION 24-6 OPERATIONS 
WITH COMPLEX NUMBERS 


17. a. 154,15 
b. 40 -— 20 
c. 200+ 7150 
d. 90- j50 
e. 36 -—j48 
19. a. —72 
b. 60 
c. —28 
d. —24 
e. 2 
f. -12.5 
g. 25 
h. —25 
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21. a. 1.19 — 0.776 
b. 0.188 + j0.188 
c. 0.461 + j0.194 
d. 1-j0.5 
SECTION 24-8 POLAR FORM OF 
COMPLEX NUMBERS 


23. a. 14.14245° 
b.  12.812-51.34° 
c 21.63.256.3° 
d.  150.42-21.45° 
25. a. 32-125° 
b. 52150° 
c. 420° 
d. 4.67266° 
e. 30275° 
f. 25480° 
g. 12.5250° 


SECTION 24-10 COMPLEX 
NUMBERS IN SERIES AC 
CIRCUITS 


27. a Z,=302+4j40Q 
b. Z, = 50253.13° Q 
1=22-53.13° A 
V, = 602—53.13° V 
V, = 140236.87° V 
Vo = 602—143.13° V 
SECTION 24-11 COMPLEX 
NUMBERS IN PARALLEL AC 
CIRCUITS 


29. Z; = 33.3233.69° Q (polar form) 
Z = 27.7 Q + 718.47 Q 
(rectangular form) 

31. Y,;=20 mS + 6.67 mS 
(rectangular form) 

Y, = 21.08218.44° mS (polar 
form) 
Z; = 47.442-18.44° Q (polar 
form) 

33. a. See Instructor’s Manual. 
b. See Instructor’s Manual. 

SECTION 24-12 COMBINING 
TWO COMPLEX BRANCH 


mo af 


IMPEDANCES 
35. a. Z,=302-j40Q= 
502-53.13° Q 
b. Z,=20Q24j15Q= 
25236.87° Q 
e Z,=222+j4Q= 
22.4210.3° Q 


SECTION 24-13 COMBINING 
COMPLEX BRANCH CURRENTS 


37. a. 1,=1253.13°A= 
600 mA + j800 mA 
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b. I =22-36.87° A = 
1.6 A —j1.2 A 

ce. [,=2.2362-10.3° A= 
2.2 A — j400 mA 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


39. V,,=24 OYV 


Chapter 25 


SECTION 25-1 THE RESONANCE 
EFFECT 


1. The condition of equal and 
opposite reactances in an LC 
circuit. Resonance occurs at only 
one particular frequency, known 
as the resonant frequency. 

3. X =X,=1kQ 


SECTION 25-2 SERIES 


RESONANCE 

5. a X=0Q 
b. Z,=402 
ce I=25puA 
d. 0=0° 
e. a 
f. Ve=50 mV 
g. v, =1mV 


Ts Bedause at f. the total impedance, 
Zr is purely resistive. 


SECTION 25-3 PARALLEL 
RESONANCE 


9. a. Zz. is maximum. 
b. J, is minimum. 
ce 0=0° 

11. The resistance, r, 


SECTION 25-4 RESONANT 
— 1 
FREQUENCY f, = >- g 


13. a. f.=2.5 MHz 


b. f. = 400 kHz 
ec f. =3 MHz 
d. f.=5 MHz 
15. C= 70.17 pF 
17. J.= 5 MHz 
X, = Xe = 628.3 Q 
Z =r, = 12.56 Q 
I = 796.2 pA 
Vi = Ve = 500 mV 
6, = 0° 
19. With C set to 360 pF, 
f, = 1.875 MHz. To double 
f. C must be reduced to 90 pF. 


(Pp ae oe 


SECTION 25-5Q 
MAGNIFICATION FACTOR OF A 
RESONANT CIRCUIT 


21. a. f=1MHz 


b. Q=100 
e Vi=v=lV 
23. Q = 300 


25. a. f= 1.25 MHz 
b. ae came 
e 4 == 12.73 mA 
d. Q= 100 
e. Zeo = 78.54 kQ 
f. I =127.3 uA 
27. Q=191 


SECTION 25-6 BANDWIDTH OF 
A RESONANT CIRCUIT 


29. a. Af= 12.5 kHz 
b. fi = 1.24375 MHz 

(exactly) and 

Ja = 1.25625 MHz (exactly) 

Zeo = 78.54 KQ at f, Zeo 

at f, and f, = 55.53 KQ 

f.=3 MHz 

X, = Xe = 942.5 Q 

Z, = 18.85 Q 

I= 2.65 pA 

Q = 50 

V= Ve = 2.5 mV 

0=0° 

Af = 60 kHz, 

fi = 2.97 MHz and 

z = 3.03 MHz 
i. = 1.87 yA 

33. Atf, r is approximately 70.7% of 
Tat f.. This is because at f., Z; is 
approximately 1.41 times the 
value of Z at f.. 

35. Atf, and f; Zeo = 138.8 KQ and I, 
is 14.41 „A. 


SECTION 25-7 TUNING 


Ş 


31. 


Se mp ao op 


37. No, because as C is varied to 
provide different resonant 
frequencies the Q of the circuit 
varies. Recall that Vo = Q x V,, at 
f.. (This assumes that V, remains 
the same for all frequencies.) 


SECTION 25-8 MISTUNING 


39. a. The circuit appears inductive 

with a lagging phase angle 

because [, > Ie. 

b. The circuit appears 
capacitive with a leading 


phase angle because J. > /,. 


Answers 


SECTION 25-9 ANALYSIS OF SECTION 26-3 TRANSFORMER 
PARALLEL RESONANT CIRCUITS COUPLING 


41. At f, Q = 125 which is 7. See Instructor’s Manual. 


considered a high Q. SECTION 26-4 CAPACITIVE 
43. rA = 1.24 mA and I. = 1.27 mA. COUPLING 


I, is less than Zo at f. because the 


impedance of the inductive a Den 
branch is greater than Xo or X, be SV 
& I5V 
alone. d. OV 
45. Z,, is maximum below f, because i 
SN ; e 10V. 
this will cause X; to increase and EP 
: f : f. OV, 
the impedance of the inductive pp 
g- 10V, 
branch to decrease. At some ER 
j h. 3.53 V 
frequency below f. the impedance 
. ; : 11. a. Ce charges 
of the inductive branch will equal i 
Xc and Z;o will be maximum Be “Ce cselaees 
c Q i 13. f= 1.59 kHz 


SECTION 25-10 DAMPING OF 


SECTION 26-5 BYPASS 
CAPACITORS 


PARALLEL RESONANT CIRCUITS 
47. a Q=114 


b. Af=8.77 kHz 15. 7 e 159.2 Q 
49. R, = 196.4 KQ e gV 
ANSWERS TO CRITICAL d. 12V 
THINKING PROBLEMS e 12V 
51. Q=2af.L/r, f 15 Vip 
0. = 2af,L g 0 Veo 
Q, = 2aL x 1/2” VLC h. 15V 
Q, =L/ VLC 17. C= 6.37 uF 
Qr: =LĽ/LC SECTION 26-6 FILTER CIRCUITS 
gr. =e 19. a. Low-pass 
AL xr2=L/C b. High-pass 
< _ LIC SECTION 26-7 LOW-PASS FILTERS 
x= L/C 21. a. The term passband refers to 
L frequencies below the cutoff 
Cha pter 26 frequency of a low-pass 


SECTION 26-1 EXAMPLES 
OF FILTERING 


1. a. A low-pass filter allows the 
lower frequency signals to 
pass from its input to its 
output with little or no 
attenuation while at the same 
time severely attenuating or 
eliminating the higher 
frequency signals. 

b. A high-pass filter does just the 
opposite of a low-pass filter. 


SECTION 26-2 DIRECT CURRENT 


filter. Signal frequencies in 
the passband are allowed to 
pass from the input to the 
output of the filter with little 
or no attenuation. 

The term stopband refers to 
frequencies above the cutoff 
frequency of a low-pass 
filter. Signal frequencies in 
the stopband are severely 
attenuated as they pass 
through the filter from input 
to output. 


SECTION 26-8 HIGH-PASS 


COMBINED WITH ALTERNATING FILTERS 
CURRENT 23. Yes, except that for a high-pass 
3. a. 10 Vig filter the passband is above the 
b. 5mA cutoff frequency and the stopband 


5. See Instructor’s Manual. 


Odd-Numbered Problems and Critical Thinking Problems 


is below the cutoff frequency. 


SECTION 26-9 ANALYZING 
FILTER CIRCUITS 


25. 


27. 


29. 


31. 
33. 


35. 
37. 


39. 


a. Low-pass 

b. High-pass 

c. Low-pass 

d. High-pass 

a. Vi, = 49.99 mV and 
6 = —0.87° 

b. V «u = 49.9 mV and 
0 = —3.48° 

ce V u = 47.84 mV and 
0 = —16.91° 

d. V u = 35.35 mV and 
0 = —45° 

e V «u = 15.63 mV and 
0 = —71.79° 

f. V «= 8.12 mV and 
0 = —80.66° 

g. Vu = 1.64 mV and 
0 = —88.12° 

a Vin, = 99.98 mV and 
0 = —1.08° 

b. Vou, = 99.56 mV and 
6 = —5.38° 

ec. V u = 93.57 mV and 
0 = —20.66° 

d. V «= 70.71 mV and 
0 = —45° 

e V u = 33.34 mV and 
0 = —70.5° 

f. V «= 17.41 mV and 
0 = —80° 

g- Vu = 5.3 mV and 
0 = —87° 

0.707 

a. 0° 

b. —90° 

Bandpass filter 

a. fo, = 1.06 kHz 


b. fo, = 10.26 kHz 
ce BW =9.2 kHz 
fy = 4.42 kHz 


SECTION 26-10 DECIBELS AND 
FREQUENCY RESPONSE CURVES 


41. 


43. 


a. N = —3 dB 


b. N = —10 dB 
c. Na = —60 dB 

d. N = -20 dB 

a. N, = —30.6 dB 
b. N =—16.72 dB 
c. N =—10.97 dB 
d. N = —3 dB 

e. N = —0.491 dB 
f. Ni, =0dB 

g. Na =0dB 
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SECTION 26-11 RESONANT 
FILTERS 


45. The circuit Q 


SECTION 26-12 INTERFERENCE 
FILTERS 


47. A low-pass filter with a cutoff 
frequency around 30 MHz 


ANSWERS TO CRITICAL 
THINKING PROBLEMS 


49. a. f,=965 Hz 
be Vau = 3-535 V pp 
ce Vau = 68.2 MV pp 


51. L=191 pH 
C = 132.63 pF 


Chapter 27 


SECTION 27-1 THREE-PHASE AC 
GENERATORS 


1. The wye (Y) or star connection 
V, = V3, 

The delta (A) connection 

a. 120° 

b. 120° 


SECTION 27-2 THE WYE (Y)- 
CONNECTED THREE-PHASE 
GENERATOR 


7. Vya = 60/150° 
11. Vy, = 25/240° 


Pd 


13. a. 77.94 V 
b. 173.2 V 
c€ 3.464 kV 


SECTION 27-3 THE DELTA 
(A)-CONNECTED THREE-PHASE 
GENERATOR 


15. a. 5.196 A 
b. 50.23 A 
c. 12.99A 


SECTION 27-4 THREE-PHASE 
SOURCE/LOAD 
CONFIGURATIONS 
17. a. Vay = 480/0°; Vay = 480 
/-120° V; Vex = 480 /120° 
v 
b. V, = 831.38 /30° V; Vac 
= 831.38 90° V; Vo, = 
831.38 /150° V 
c I, =50/0° A; Iņ = 50 
/-120° A; I; = 50 /120° A 
d. I, = 1, =50/0° A; Ip, = 
L, = 50,4120° A; Io, = I; 
= 50/120° A 
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e laa = In = l =50/0° A; Io, 
= I,,= 1, =50/-120° A; 
Ino = k= L,, = 50 7120° A 
Iy=OA 
19. a. V = 280 /0° V; V, = 280 
/120° V; Vz, = 280 120° 
V 
b. l, =6.22 45° A; lp = 
6.22 /75° A; L, = 6.22 
/—165° A 
ce I,,= 10.77 ~75° A; I, = 
10.77 7165° A; Ie. = 10.77 


™ 


/45 A 
21. a. Each load voltage, V, = 

277.13 V 

b. Each load current, I, = 
13.86 A 

c. Each line current, I, = 
13.86 A 

d. IL=0A 


SECTION 27-5 THREE-PHASE AC 
POWER CALCULATIONS 

P,, =P,,=P,,=24kW 

P,, =P,, =P,, = 14.463 kW 
P,, =P,,=P,,=7.92kW 
P,, =P,, = P, = 7.58 kW 
P,, =P,, = P, = 3.84 kW 
P,, = P, =P,,=3.6kW 
ANSWERS TO CRITICAL 
THINKING PROBLEMS 


Pe aoe 


25. a. 1,,=48/0°A=48+j0A 
L, = 20 460° 
A = 10 -j17.321 A 
L, = 32 /60° 


A = 16 + j27.713 A 
b. Ia =L, = 48 /0° 
A=484+j0A 
I, = Iz = 20 60° 
A = 10 -j17.321 A 
Ie = lz; = 32 £60° 
A = 16 + j27.713 A 
c Iy = 74 + j10.392 
A = 74.726 / 8° A 
d. P,= 35.52 kW 


Chapter 28 


SECTION 28-1 
SEMICONDUCTOR MATERIALS 


1. Four 
3. a. A pure semiconductor that 
has only one type of atom. 
b. A semiconductor that has 
been doped with impurity 


atoms, which means that other 

atoms have been mixed in. 

A pentavalent impurity atom 

(one with 5 valence electrons). 

b. A trivalent impurity atom 
(one with 3 valence electrons). 


SECTION 28-2 THE p-n 
JUNCTION DIODE 


7. Because it only allows current to 
flow through it in one direction. 
9. a. Approximately 0.3 V 
b. Approximately 0.7 V 
11. a. The anode or p-side of the 
diode must be positive with 
respect to the cathode. 

b. The anode or p-side of the 
diode must be negative with 
respect to the cathode. 

13. An open switch 


SECTION 28-3 VOLT-AMPERE 
CHARACTERISTIC CURVE 


15. The forward voltage at which the 
diode current increases sharply. For 
silicon diodes, the diode current 
starts to increase sharply at a 
forward voltage of about 0.6 V and 
for germanium at about 0.3 V. 

17. The breakdown voltage, Vpr, is the 
reverse-bias voltage at which the 
reverse current, J}, increases sharply. 


19. a. R,=10kQ 
b. R,=1.1kQ 
ce R,=600Q 
d. R,= 1250 
e R,=43.3Q0 
f. R,=17Q 
g. R,=10Q 
21. a. The meter should read a high 


resistance for one polarity of 
the meter leads and a low 
resistance for the opposite 
polarity. For a silicon diode 
the ratio Re should be 

Rg 


at least 1000, 


b. A low resistance for both 
polarities of the meter leads 

c. A high or infinite resistance 
for both polarities of the 
meter leads 

23. No, because most DMMs do not 

provide enough voltage and 

current on the resistance ranges 

to properly forward-bias a diode. 


Answers 


SECTION 28-4 DIODE 
APPROXIMATIONS 


25. 


a. 
b. 
c. 


The second approximation 
The first approximation 
The third approximation 


27. The first approximation. 


29. 


31. 


a. 


b. 


I, = 200 mA and 
V.=6V 

I, = 176.7 mA and 
VL =5.3 V 

I, = 165.6 mA and 
V, = 4.97 V 

I, = 80 mA and 
V, = 120 V 

I, = 79.53 mA and 
V,=119.3V 

I, = 79.38 mA and 
V,=119.1V 


SECTION 28-5 DIODE RATINGS 


33. The breakdown voltage rating, 


Vg R 


35. R, = 20 GQ 
SECTION 28-6 RECTIFIER CIRCUITS 


37. 


39. 
41. 


43. 


45. 


47. 


aerpacsreregacsrereacre pe meacgse 


Vs = 20 V 
Vmgo = 27.58 V 
Voc = 8.77 V 

L = 175.4 mA 
Lijoas = 175.4 mA 
PIV = 28.28 V 


Jou = 60 Hz 


full-wave rectifier 


Vargo = 33-24 V 


Voc = 21.14 V 
I, = 422.8 mA 
Lox = 211.4 mA 
PIV = 67.17 V 
fo = 120 Hz 
Vungo = 26.88 V 
Vac = 17.1 V 

I, = 85.5 mA 
Lisa = 42.75 mA 
PIV = 27.58 V 
fy = 120 Hz 
Vine = 3-88 Vpop 
Voc = 25.64 V 
I, =512.8mA 
PIV = 55.86 V 
Vape = 1.6 V 
Voc = 26.08 V 
I, = 130.4 mA 
PIV = 27.58 V 


SECTION 28-7 SPECIAL DIODES 
49. R,=650Q 


51. 


Odd-Numbered Problems and Critical Thinking Problems 


a. 


I, =50 mA 


Chapter 29 


SECTION 29-1 TRANSISTOR 
CONSTRUCTION 


1. a. 


5. a. 


b. 


The emitter (E) is the most 
heavily doped region in a 
transistor. Its job is to inject 
an abundance of current 
carriers (either free electrons 
or holes) into the base region. 
The base (B) is a very thin 
and lightly doped region. It 
is sandwiched between the 
larger emitter and collector 
regions. Most of the current 
carriers injected into the 
base from the emitter 

flow on through to the 
collector. 

The collector (C) is 
moderately doped and is the 
largest region in a transistor 
since it must dissipate the 
bulk of the heat. The main 
job of the collector is to 
attract current carriers from 
the base region. 

Holes are the majority current 
carriers and electrons are the 
minority current carriers. 
Electrons are the majority 
current carriers and holes are 
the minority current carriers. 
Holes are the majority 
current carriers and electrons 
are the minority current 
carriers. 

Outward 

Inward 


SECTION 29-2 PROPER 
TRANSISTOR BIASING 


7. Because the only current that 
flows out of the base lead is a 
result of free electrons and holes 
recombining in the base region. 


mo aoe e 


I, = 0.995 mA 
I, =2.3 mA 
I, = 500 pA 
I= 2.67 A 
I, = 100 nA 
I, = 20.34 mA 


11. a. 
b. 
(A 
d. 
e. 
f. 
13. a. 
b. 
(A 
d. 
15. a. 
b. 
c 


Poc = 199 
Poc = 45 
Poc = 80 
Poc = 89 
Poa = 36.5 
Poc = 225 
I, = 200 pA 
I, = 100 pA 
I, =50 vA 
I, = 40 vA 
Poc = 79 
Poc = 249 
Poa = 399 


SECTION 29-3 TRANSISTOR 
OPERATING REGIONS 


17. The active region 

19. No, J, is controlled by other 
external parameters besides J,. 

21. Infinity 


SECTION 29-4 TRANSISTOR 


RATINGS 
23. a. Py=12W 
b. P,=900 mW 
c. P,=600 mW 
d. P,=300 mW 
e P,=0OW 


SECTION 29-5 CHECKING A 
TRANSISTOR WITH AN 
OHMMETER 


25. a. 


A high resistance for one 
polarity of the meter leads 
and a low resistance for the 
opposite polarity 

A low resistance for both 
polarities of the meter leads 
A high or infinite resistance 
for both polarities of the 
meter leads 


27. Because the ohmmeter ranges of 
a typical DMM do not supply 
enough voltage and current to 
forward-bias the PN junction 
being tested. 


SECTION 29-6 TRANSISTOR 
BIASING TECHNIQUES 


29. a I,=514 pA 
b. 1.=5.14mA 
c Væ = 5.83 V 
d. Texy = 10 MA 
e Venom =12 V 

31. Ip =51.4 uA 
1.=7.71 mA 
Væ = 2.75 V 
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33. a. 1,=34.3 pA 
b. [.=6.86mA 
« Vy=17.14V 
d. Tesa = 24 mA 21. 
e Verot = = 24 V 
35. Voltage-divider bias 23. 
37. See Instructor’s Manual. 
39. a. V= —4.89 V 25. 
b. V= —4.19 V 
ce [,.=419mA 
d. us = 13.71 V 
e Vy~=952V 
f. Tegan =8 mA 
S Veo = = -20 V 27. 
41. I; = 5.3 mA and V, = 6.7 V 
Chapter 30 


SECTION 30-1 AC RESISTANCE 
OF A DIODE 


SECTION 30-5 CALCULATING 
THE INPUT AND OUTPUT 
IMPEDANCES IN A CE AMPLIFIER 


a. Zaos = 500 Q 
b. Z, =357Q 

a. Zaos = 36.5 KQ 
b. Z, =1.21kQ 

a. Zaos = 15.6 kQ 
b. Z, = 2.53 kQ 
CZ, = 1.8kQ 


SECTION 30-6 THE COMMON- 
COLLECTOR AMPLIFIER 


a. V, =6.67 V 
b. V; = 5.97 V 
ce = 11.94 mA 
d. Vo=12V 
e Ve = 6.03 V 
f. =24 mA 


Tegan 


8 Veron = =12 V 


La re =175Q SECTION 30-7 AC ANALYSIS OF 
b. ye =9.8Q AN EMITTER FOLLOWER 
€ rac = 4.72 Q 29. a r, =21Q 
d. rc = 1.75 Q b. 7,=3752 
c. Ay =0.994 
SECTION 30-2 SMALL SIGNAL d. V,,,=4.97 V : 
AMPLIFIER OPERATION e. Fo = = 56.6kQ 
3. A common-emitter amplifier f. Z =659Q 
5. a. = 10.2 V g. “Eia 
b. V:=9V 31. 0° o and V,, are in-phase) 
ce Vo=78V 
SECTION 30-8 EMITTER 
7. a. 10mV,, 
b. OV FOLLOWER APPLICATIONS 
° P-P 
c 24V p 33. a. Vio =2.7V 
9. a. A, =250 b. Vig) =2V 
b. Ay =20 lye) =2mA 
ce. Ay=50 d. Vig) = 114 V 
e Vso =114V 
SECTION 30-3 AC EQUIVALENT f. Vro» =10.7 V 
CIRCUIT OF A CE AMPLIFIER g. Tro) = 10.7 mA 
11. Ca Ce and Voc h Voeo=18V 
13. See Instructor’s Manual. 35. Vu = 279 mVpp. Notice how 


SECTION 30-4 CALCULATING 
THE VOLTAGE GAIN, AĄ, OF ACE 
AMPLIFIER 


much less the output voltage is 
without the emitter follower 
buffering the low impedance load 
from the collector of Q. 


15. a. Ay= 120, V = 1.2 V, SECTION 30-9 COMMON-BASE 
b. = 300, Vi = 3 Vp-p AMPLIFIER 
c. Ay =480, Vou = 4.8 Von 37. a. V,=-0.7V 
17. a 7 =2.02 V b. I; =5.3 mA 
b. V,=1.32V e Va = 7.05 V 
ec [,=6mA 
d. Vo=13.2V SECTION 30-10 AC ANALYSIS OF 
e. Vo =11.88V A COMMON-BASE AMPLIFIER 
19. Ay = 432 and V,,, = 10.8 V,,, 39. 0° (V and V,,, are in phase) 
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Chapter 31 


SECTION 31-1 JFETs AND THEIR 
CHARACTERISTICS 


1. 
3. 


5. 


11. 


13. 


In the channel 

The source current, Z, and the 
drain current, J, 

a. Vos is made positive. 

b. Vp, is made negative. 

V, is the drain-source voltage at 
which the drain current, Jp, levels 
off when Vos = 0 V. 

The pinchoff voltage decreases by 
the same amount that Vgs increases. 
I= 15 mA 

h= 11.5 mA 

lp = 8.44 mA 

Ty = 5.86 mA 

l = 3.75 mA 

h=2.11 mA 

Ty = 938 wA 

Ty = 234 wA 

I =OmA 

Ty = 20 mA 

l = 12.8 mA 

h=7.2 mA 

lp = 3.2 mA 

Ty = 800 wA 

I, =OmA 


J 


Pe Boop rrr mp ao op 


SECTION 31-2 JFET BIASING 
TECHNIQUES 


15. 


17. 


19. 


a. V=0V 
b. V,=2.15V 
s = —2.15 V 


aonmer an 
ow Q 
| 
co) 
~ 
Nn 
< 


I, =2.41 mA and I, = 8.67 V 


SECTION 31-3 JFET AMPLIFIERS 


21. 


23. 


25. 


En = a (Vps constant) 
The unit is the Siemen (S). 
a. g,=8mS 

b. 2n = 6.67 mS 

C 2a = 5.33 mS 

d. g,=4mS 

e g, = 2.67 mS 

f. ga = 1.33 mS 

a Z, = 1.5 MQ 

b. 74, = 3.87 KQ 

C Sno = IMS 

d. g,=2.31 mS 


Answers 


e. Ay =8.94 
f. Va = 2.68 V p 
27, a. V o=0V 
b. Vog=—-l1V 
c. 1, = 5.56 mA 
d. V,=15V 
29. a 2 =5mS 
b. g„=2.31 mS 
c r, = 2.48 KQ 
d. Z,=302Q 
e A, =5.73 
f. Vi. = 573 MV pp 


SECTION 31-4 MOSFETs AND 
THEIR CHARACTERISTICS 
31. Insulated gate field effect 
transistor (IGFET) 
33. No 
35. Zero 


SECTION 31-5 MOSFET BIASING 
TECHNIQUES 


37. Zero-bias 


39. I =15 mA 

41. a. Vps =29V 
b. Vps = 23.7 V 
ec Və =3V 


43. Zero-bias, self-bias, and current- 
source bias 


45. a. R,=200Q 
b. R, = 800 
ce. R,=14kQ 
d. 2, =2.6kQ 


SECTION 31-6 HANDLING 
MOSFETs 


47. They lower the input impedance. 


Chapter 32 


SECTION 32-1 CLASSES OF 
OPERATION 


1. a. 360° 
b. 180° 
c. 120° or less 

3. Low distortion and low power 
efficiency 

5. It only conducts during the 
positive or negative alternation 
of the AC input voltage but 
not both. 

7. Tuned rf amplifiers 


SECTION 32-2 CLASS A 
AMPLIFIERS 


9. a. [,=70.6 HA 
b. Ie = 10.6 mA 


C. Væg = 8.1 V 

d. Voron = 24 V 

e Lesa) = 16 mA 
11. See Instructor’s Manual. 
13. V =4V 
V,=3.3V 
Ico = 10 mA 
Vog = 8.7 V 
P= 87 mW 
Veror = 24 V 
cea = 15.7 mA 
15. See Instructor’s Manual. 
17. 


PyE mre ao oD 


ce Poo = 254 mW 
d. % Efficiency = 2.08% 


SECTION 32-3 CLASS B PUSH- 
PULL AMPLIFIERS 


19. a. Q, 

b. Q, 
21. See Instructor’s Manual. 
23. a. Charging 


b. Discharging 
25. icsa = 900 mA 

Vector) = 9 V 
27. P imay = 2-03 W 
29. [og = 6.23 mA 
Vso, = 0.7 V 
Vso, = —9.7 V 
Vig, and Vig, = 0 V 
Voro, and Veeg, = 25 V 


Pio = 156 mW 


mo aoe p 


31. OV 


SECTION 32-4 CLASS C 
AMPLIFIERS 


33. V,=—-18V 

Vo=12V 

Vo =24 Vap 
35. At or near the positive peak 
37. 5 MHz 


Chapter 33 


SECTION 33-1 DIACs 


1. Power control circuits 


3. When the voltage across the diac 
(irregardless of polarity) reaches 


or exceeds the breakover 
voltage, +Vgo 


SECTION 33-2 SCRs AND THEIR 
CHARACTERISTICS 


5. Even though an SCR is forward- 
biased, it will not conduct until 


Odd-Numbered Problems and Critical Thinking Problems 


the forward breakover voltage is 
reached. 

7. It increases sharply. 

9. By reducing the anode current 
below the level of holding 
current, Jy 

11. No! Once an SCR fires, the gate 
loses all control! 

13. It gets brighter. 

15. To ensure that the negative 
alternation of voltage cannot 
apply excessive reverse-bias 
voltage to the SCRs gate-cathode 
junction 


SECTION 33-3 TRIACs 


17. Anode 2 (A,), Anode 1 (A,), and 
the gate (G). 

19. By increasing the gate current 

21. By reducing the anode current 
below the holding current, Z4 

23. To provide symmetrical 
triggering of the triac 

25. In both directions 


SECTION 33-4 UNIJUNCTION 
TRANSISTORS 


27. V must reach 11.2 V 
29. f= 6.56 kHz 
31. a. A pulsating DC voltage 
b. To provide a relatively stable 
voltage for the UJT circuit 
c. The conduction angle 
decreases 


Chapter 34 


SECTION 34-1 DIFFERENTIAL 
AMPLIFIERS 

I, = 565 vA 

I; = 282.5 pA 

V.=6.35 V 

The base of Q, 

The base of Q, 

I, = 115.3 pA 

I = 57.7 pA 

Ve = 9.35 V 


1. a. 


= 


SPP eree 


SECTION 34-2 OPERATIONAL 
AMPLIFIERS AND THEIR 
CHARACTERISTICS 
7. A differential amplifier 
9. Direct coupling. The advantage 
of direct coupling is that a DC 


input can also be amplified. 
11. V,,= +100 pV 
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13. fo, = 10 Hz 31. Ag = 25 41. V,,=-6.25V 


15. 1 MHZ, foniy Vout = 25 Vpop 43. fo = 1.45 kHz 
17. a foa = 159.2 kHz Z,, = 8 GQ 45. An active high-pass filter 
b. fax = 79.58 kHz Zac = 18.75 mQ 47. A voltage to current converter 
C. faa = 39.79 kHz 33. Voltage follower 49. A current to voltage converter 
d. fiw = 15.92 kHz 35. a. fy, = 80 kHz 51. a. Any voltage that is even 
19. CMRR(dB) = 90 dB b. fa, = 40 kHz slightly positive. 
SECTION 34-3 OP-AMP & fa = 1 MHz b. Any voltage that is even 
CIRCUITS WITH NEGATIVE 37. a Ag. = —15 slightly negative. 
FEEDBACK b. Va = 3 Vp 53. A precision half-wave rectifier 
21. 180° SECTION 34-4 POPULAR S D, 


23. Since it has the same potentialas © OP-AMP CIRCUITS 
ground yet it can sink no current. 39. a V.,=-125V 


25, foray = 12.73 kHz b. V,,=2.5V 
27. Noninverting amplifier ce V,=10V 
29. OV d: V,,,=3.75 V 


out 


1264 Answers 


A 


Abscissa, 88 
Absolute permeability, 421 
AC. See Alternating current 
AC beta, 971 
AC circuits. See Alternating current circuits 
AC coupling, 568 
AC effective resistance, 662—663 
AC induction motors, 479 
AC meters, 726-727 
AC power, 404 
AC resistance, 968—970 
AC voltage dividers, 569-570 
Activators (for soldering), 1155 
Active components, 301 
Active filters, 821, 1129-1133 
Active region (of bipolar junction transistors), 
942 
A/D (analog-to-digital) converter circuits, 255 
Addition, 11—12 
Addition, complex numbers, 749 
Admittance, 758 
AF (audio frequency) chokes, 664-665 
AG (automobile glass), 341 
Aging (of resistors), 69 
Air gaps (of magnets), 406 
Air-core coils, 59, 582, 588, 607 
Alkaline cells, 360, 363, 367 
Alligator clips, 337 
Alloys, 346 
Alnico magnets, 407 
Alternating current (AC) 
about, 457-458 
and AC circuits, 471-473 
applications of, 452-453 
in capacitive circuits, 536-537 
controlling, with triacs, 1088—1089 
filters for, 810-813 
frequency of, 461-463, 470, 475 
and inductance, 585 
and inductive reactance, 630-631 
in motors and generators, 478-480 
period of, 463—464 
phase angle of, 467-469 
and power lines, 475—478 
and resistance of diodes, 968—970 
and three-phase AC power, 480-481 
waveforms of, 452, 458-461, 473-475 
wavelength of, 464-466 
Alternating current (AC) circuits, 712-732. See 
also Parallel AC circuits; Series AC 
circuits 
alternating current in, 471-473 
capacitance in, 452 


Index 


complex numbers for, 746-747, 755-759 
DC circuits vs., 45 
induced voltage in, 641 
inductance in, 584-585 
reactance in, 715-716 
resistance in, 453, 714 
resonance in, 774-781 
types of Ohms in, 727-728 
types of phasors in, 728-730 
Alternating voltage 
and alternating current, 457-458 
generation of, 453-455 
and waves, 456-461, 473 
Alternation, 454 
Alternative energy, 49-50 
Alternators, 480 
Aluminum, 344, 365 
American Wire Gage (AWG), 333, 334 
Ammeters, 57—259, 1165 
clamp-on, 261-263 
Ampacity rating, 353 
Amp-clamp probes, 253, 426 
Amperage, 36, 51 
Ampère, André Marie, 36 
Ampere (A) unit, 8, 36, 82, 86, 90, 103, 1150 
Ampere-turn (A't) unit, 418-419 
Amplifiers, 453. See also specific types, e.g.: 
Operational amplifiers 
biFET operational, 1107 
buffer, 1120-1121 
common source, 1023—1025 
common-base, 991-997 
common-drain, 1025-1027 
common-emitter, 970-981 
common-gate, 1028—1029 
differential, 1100-1107, 1126-1129 
impedance matching in, 604-606 
inverting, 1114-1117 
isolation, 1120-1121 
JFET, 1021-1029 
noninverting, 1117—1120 
power, 1048—1072 
scaling, 1125 
summing, 1124-1126 
unity gain, 1120-1121 
weighted, 1125 
Analog display, 257 
Analog multimeter, 238. See also Multimeters 
Analog-to-digital (A/D) converter circuits, 255 
Angular measure (of alternating voltage), 455 
Anode, 889 
Antenna, 384 
Apparent power, 601, 726, 731 
Applied voltage 
for fuses, 343 


= o o o = 
og o aog ig o 
o o o 
20 0 Oo o ° 
DoS o o å og 
o o 
o o 
en o ° ọ gon 


o o o o o 5 
0o o o er o 
o o o o o o a 
o o o o 
o o rie 2 o 6 
bs yer ie) z a 


in Kirchhoff’s voltage law, 119-121 
and open circuits, 129-131 
in parallel circuits, 148 
in RC circuits, 689, 691 
in series-parallel circuits, 181, 182, 183, 184, 
186-188 
Approximations, for diodes, 894-897 
Arctangent, 562, 657 
Armature, 438, 478 
Asymmetrical junction field effect transistors, 
1010 
Atomic number, 27 
Atoms, 24—27, 348 
pentavalent, 887 
structure of, 27—29 
Attenuation, 820, 831 
Attraction (of magnetic poles), 429, 430 
Audio frequency (af), 462 
Audio frequency (af) chokes, 664—665 
Automobile glass (AG), 341 
Autorange function, 256 
Autotransformers, 597-598, 608 
Avalanche, 892 
Average forward-current rating, 898 
Average values (of sine waves), 459 
AWG. See American Wire Gage (AWG) 
Axial leads, 59 


B 


Back emf, 589. See also Induced voltage 
Back-off ohmmeter scale, 251—252 
Balanced bridge circuits, 190-191 
Balanced filter circuit, 821 
Balanced networks, 319-320 
Banana pins, 337 
Band-pass filters, 829, 838 
Band-stop filter, 830-831, 838 
Bandwidth 
class C power amplifiers, 1070-1071 
of op amps, 1121-1123 
power, 1111-1112 
of resonant circuits, 789-793 
Bank winding, 614 
Banks, resistance, 153-154, 183-185 
Bar magnets, 398, 406, 428 
Bardeen, John, 934 
Barrier potential, 889 
Base bias, 947-949 
Base spreading resistance, 970 
Bass, 462 
Battery action, 520. See also Dielectric absorption 
Battery capacity, 371 
Battery(-ies), 360-387 
cell types and voltages, 363 
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Battery(-ies) (continued) 
in closed circuits, 40-42 
current, 371 
current drain and load resistance of, 
378-379 
as DC voltage sources, 45 
defined, 24, 360, 376 
and electricity, 43, 46 
as generators, 379-382 
polarity of, 24 
series- and parallel-connected cells in, 
376-378 
storage, 368 
and voltaic cells, 364—365 (See also Voltaic 
cells) 
B-H magnetization curve, 422-423 
Bias (term), 889, 947 
Biasing 
bipolar junction transistors, 936—940, 
947-957 
of JFETs, 1015-1021 
of MOSFETs, 1035-1037 
of p-n junctions, 889-891 
Bidirectional diode thyristors, 1082. See also 
Diacs 
BiFET operational amplifiers, 1107 
Bilateral components, 301 
Bi-metallic thermal switch, 134 
Bipolar junction transistors, 932—957 
biasing of, 936-940, 947-957, 966 
checking, with ohmmeters, 945—947 
construction of, 934-935 
operating regions for, 940-942 
ratings of, 942-945 
Bleeder current, 224 
Blocking (by capacitors), 536 
Bode plotter, 1199-1201 
Bohr, Niels, 27 
Braided wire, 335-336 
Branch currents 
in AC circuits, 472, 473, 716 
complex numbers for, 746, 759-762 
and current dividers, 220-221, 222-223 
and Kirchhoff’s laws, 281-284 
and mesh current method, 289 
of parallel circuits, 162 
and phasors, 719 
reading, 258 
of series-parallel circuits, 182, 183, 184 
Branch resistance, 146, 149, 157, 472 
Brattain, Walter H., 934 
Breakdown region (of bipolar junction 
transistors), 941 
Breakdown voltage rating 
for bipolar junction transistors, 944—945 
for diodes, 892, 898, 917-918 
Breaking (by relays), 437, 438 
Bridge circuits 
Thevenin’s theorem for, 305-307 
in Y and A networks, 318-319 
Bridge rectifiers, 1091 
Brown and Sharpe (B&S) gage, 333 
Brush discharge, 351 
Brushes, 479 
Bucking voltage, 589 
Buffer amplifiers, 1120-1121 
Bulk resistance, 895 
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Bureau of Standards, 476 
Bypass capacitors, 817-819 


C 


CA (cranking amperes) rating, 386 
Cadmium, 365 
Capacitance 
of AC circuits, 452 
and capacitive coupling, 815 
and capacitive reactance, 537-538 
and charge in dielectrics, 496—497 
defined, 494 
distributed, 613-614 
electrostatic field of, 517 
and energy, 688-689 
farad unit of, 499-503 
parallel, 515 
series, 515-517 
stray, 612-614 
and stray inductance, 612-614 
and voltage, 687 
Capacitance meters, 518-521 
Capacitive circuits, 556-571. See also RC 
circuits 
capacitive reactance in, 536-537 
and charge/discharge current, 558-559 
in coupling capacitors, 568-569 
current in, 571 
and impedance, 561-563, 566 
phase-shifter, 563-564 
series, 559-561 
in voltage dividers, 569-570 
Capacitive coupling, 814-816 
Capacitive current 
in capacitive circuits, 571 
and capacitive voltage, 544-545 
defined, 536-537 
parallel, 564-568 
in parallel circuits, 566 
in series circuits, 558, 559 
Capacitive reactance, 534-547 
in AC circuits, 716-717 
applications of, 542-543 
and capacitive circuits, 536-537 
and charge/discharge current, 543-547 
formulas for, 537 
ys. inductive reactance, 642 
and Ohm’s law, 542 
parallel, 541 
and resistance, 559-561 
series, 541 
Capacitive voltage (capacitor voltage) 
and capacitive current, 545-546 
in RC circuits, 689, 693 
in series circuits, 558, 559 
Capacitor action, 522 
Capacitor input filter, 910-915 
Capacitor memory, 520. See also Dielectric 
absorption 
Capacitor-inductor analyzers, 614 
Capacitors, 494, 496, 716 
bypass, 817-819 
charging and discharging of, 496—499, 534, 687 
coding of, 510-515 
compensating, 1107 
coupling, 568-569 
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and DMMs, 570 

electrolytic, 502, 508-510 

emitter bypass, 970 

ganged, 506 

inductance of, 613 

input coupling, 970 

leaky, 522 

measuring and testing of, 518-521 

paper, 504-505 

quality of, 663 

schematic symbols for, 1162 

shelf life, 522 

tantalum, 509, 514 

troubleshooting, 521-523 

types of, 503-507 

voltage rating of, 507 
Carbon, 25, 26, 29, 39, 344 
Carbon resistance controls, 65 
Carbon-composition resistors, 58, 59, 

68-69 

Carbon-film resistors, 59 
Carbon-zince dry cell, 366-367 
Cathode, 889 
Cathode-ray tubes (CRTs), 1167-1169 
CB (common-base) amplifiers, 991-997 
CB (common-base) connections, 938 
CCA (cold cranking amperes) rating, 386 
CD (common-drain) amplifier, 1025-1027 
CDR. See Current divider rule (CDR) 
CE. See Common-emitter amplifiers 
Centi - (prefix), 1151 
Centimeter-gram-second (cgs) system, 401 
Ceramic capacitors, 505-506, 511 
Ceramic materials, 348 
CG (common-gate) amplifier, 1028-1029 
Channel, 1010 
Charge current (charging current) 

and capacitive reactance, 543-547 

of capacitors, 571 

of RC circuits, 687, 689-691 

waveshape of, 558-559 
Charging 

of batteries, 363 

of capacitors, 496-499, 534, 687 

lead-acid battery, 372-373, 386-387 

of RC circuits, 692-693 

time constants for, 684-685 
Chassis ground symbol, 126 
Chemical energy, 46 
Chip capacitors, 506, 512-514 
Chip resistors, 60, 64 
Chlorine, 350 
Chokes 

air-core inductors as, 587, 588 

audio frequency (af) chokes, 664—665 

and inductance, 650, 664—665 

radio frequency, 409, 588, 664-665 

reactance and time constants for, 700 
Circuit breakers, 342-343, 1164 
Circuits. See also specific types 

closed, 40-42 

current of, 36 

digital, 474 

high-resistance, 249 

nortonizing, 308-309 

open, 42, 100-101 

potientiometer, 66-68 
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resistors for, 97-99 
resonant, 453 
rheostat, 66-68 
short, 42, 100-101 
steady-state value of, 680 
thevenizing, 302-303 
troubleshooting, 100-101 
in voltmeters, 246-247 
Circular mil (cmil) unit, 334 
Clamping voltage, 72 
Clamp-on ammeters, 261-263 
Class A power amplifiers, 1050-1060 
AC load line for, 1061—1062 
analysis of, 1052-1054 
RC coupled, 1054-1060 
Class AB operation, 1050 
Class B power amplifiers, 1051 
load current paths of, 1062-1063 
power of, 1063-1066 
push-pull, 1060-1067 
with split supplies, 1065-1066 
Class C power amplifiers, 1051, 1067—1072 
bandwidth of, 1070-1071 
circuit analysis in, 1067—1072 
frequency multipliers, 1071—1072 
Clock references, 470 
Clockwise magnetic fields, 426-427 
Closed-circuit systems, 40-42 
and relays, 438, 439 
Closed-loop cutoff frequency, 1122 
Closed-loop voltage gains, 1115, 1122 
CMRR (common-mode rejection ratio), 
1106-1107, 1113 
Coaxial cable, 335, 336 
Coding 
of capacitors, 510-515 
inductor, 614—615 
of resistors, 61—65 
Coefficient of coupling, 591-592 
Coercive force, 425 
Coiling, of inductors, 614-615 
Coils 
air-core, 59, 582, 588, 592, 607 
as chokes, 650 
distributed capacitance of, 613-614 
electromagnetic, 418 
induced current and voltage in, 431-437 
inductance in, 587—588, 590-593, 608 
as inductors, 582, 606-607 
iron-core, 588 
polarity of, 428-429 
quality of, 661—663 
resistance, 775 
schematic symbols for, 1163 
series-aiding and -opposing, 610 
space-wound, 614 
troubleshooting, 615 
turns, 434 
Cold cranking amperes (CCA) rating, 386 
Cold resistance, 347—348 
Collector-base (CB) junctions, 934 
Color coding scheme, 353-354 
Combination circuits, 178. See also 
Series-parallel circuits 
Common ground, 126 
Common-base (CB) amplifiers, 991-997 
Common-base (CB) connections, 938 
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Common-collector amplifiers (emitter 
followers) 
AC analysis of, 983-988 
applications, 988—991 
DC analysis of, 981-982 
Common-drain (CD) amplifier, 1025-1027 
Common-emitter (CE) amplifiers, 970-981 
AC equivalent circuits for, 974 
input and output impedances of, 979-981 
operation of, 970-971 
voltage gain of, 973, 974-979 
Common-gate (CG) amplifier, 1028-1029 
Common-mode rejection ratio (CMRR), 
1106-1107, 1113 
Common-mode signal, 1113 
Common-mode voltage gain, 1104-1105 
Common-source (CS) amplifier, 1023—1025 
Commutation, 1084 
Commutators, 479 
Comparators, 1135-1137 
Compasses, 426, 428 
Compensating capacitors, 1107 
Complex numbers, 742-762 
for AC circuits, 746-747, 755-759 
for current, 760-762 
defined, 742, 746 
for impedance, 747-748, 759-760 
and j operator, 744-745 
magnitude and angle of, 750-751 
operations with, 749-750 
polar form of, 752-753 
and positive/negative numbers, 744 
rectangular form of, 753-755 
Compound winding, 479 
Compounds, 27 
Condensers, 496 
Conductance 
and Ohm’s law, 85 
in parallel circuits, 158 
and resistance, 39-40 
Conduction, 351 
Conductor loops, 428, 431, 453-454 
Conductors, 330-354 
connectors for, 337—338 
electrons in, 25-26 
function of, 332 
and fuses, 341-343 
induced current and voltage in, 431-437 
and insulators, 350-351 
liquids and gases as, 348-350 


and magnetic fields, 416, 426-427, 429-431 


in printed wiring, 338-339 
resistance in, 346-348 
shielding with, 409 
and switches, 339-341 
troubleshooting, 352 
wire, 333-336, 343 
Conjugates, 750 
Connections, schematic symbols for, 1161 
Connectors 
for conductors, 337—338 
for generators and motors, 479 
troubleshooting, 352 
Constant power, 875 
Constantan, 344 
Constant-current generator, 382-383 
Contact current rating, 438 
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Contact voltage drops, 438 
Contact voltage rating, 438 
Continuity testing, 259-260, 352 
Controls 
for oscilloscopes, 1170-1172, 1179-1181 
resistance, 65, 69—70 
Conventional current, 43—44, 121 
Cooling fans, 68 
Copper, 25, 28, 29, 38-39, 344, 365 
Copper wire, 333 
Corona effect, 351 
Cosine wave, 467—468, 652 
Coulomb, Charles Augustin, 30, 31 
Coulomb (C) unit, 30-32, 37, 51, 90, 103, 1150 
Coulomb’s law of electrostatics, 32 
Counter emf, 589, 631. See also Induced voltage 
Counterclockwise magnetic fields, 426-427 
Coupling 
ac, 568 
capacitive, 814-816 
coefficient of, 591-592 
loose and tight, 59 
transformer, 813—814 
Coupling capacitors, 568-569 
Covalent bonding, 886 
Cranking amperes (CA) rating, 386 
Critical skill (soldering), 1153 
Crossover distortion, 1062 
CRTs (cathode-ray tubes), 1167-1169 
Cryogenics, 348 
Crystal filters, 840 
CS (common-source) amplifier, 1023-1025 
Curie temperature, 407 
Current. See also related topics, e.g.: 
Alternating current (AC) 
battery, 371 
in bipolar junction transistors, 941—942 
in bridge circuits, 305-307 
and capacitance/capacitors, 497-499, 517 
in circuits, 41 
in conductors and insulators, 330 
constant-current generator, 382-383 
conventional, 43—44, 121 
dark and light, 46 
deflection, 240-241 
of diacs, 1082 
direction of, 43-44 
eddy, 606 
and electricity, 35-38, 43-45, 99-100 
in electromagnets, 418, 422 
electron, 38 
forward and reverse blocking, 1083 
and fuses, 341, 342 
gate, 1012, 1084 
holding and pickup, 438, 1082 
induced, 431—433, 652 
induced voltage, 666-667 
input bias, 1110 
input offset, 1110 
ionization, 44, 349 
Kirchhoff’s law for, 150-152, 274, 276-278 
leakage, 508, 889-891 
and load resistance, 378—379 
and magnetic fields, 426-427 
and measured voltage, 258 
measuring, 48, 256, 1174 
mesh, 287—290 
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Current. (continued) 

in meter shunts, 243 

in moving-coil meters, 240-241 

and multiple voltage sources, 304-305 

and node-voltage analysis, 285-286 

and Norton’s theorem, 309-310 

and Ohm’s law, 82-84, 88—90 

output, 1133 

in parallel circuits, 149-152 

phasors for, 565-566, 658-659 

and polarity of coils, 428-429 

in RC circuits, 688-689, 693 

and resistance, 38-40 

secondary, 595 

in series circuits, 114-116, 471, 719 

in series-parallel circuits, 180, 181, 182, 

472-473 

in short circuits, 162 

in summing amplifiers, 1124 

tail, 1100 

in transistors, 936—940 

and voltaic cell, 364 

zener, 918 
Current divider rule (CDR), 220 
Current dividers, 214, 220-221 
Current meter loading, 244 
Current ratings 

contact, 438 

lead-acid batteries, 371 

of switches, 339 

of transformers, 601 
Current ratio (for transformers), 596-597 
Current sources, 307—308, 312-314 
Current-source bias, 1021 
Current-to-voltage converters, 1134 
Customization, MultiSim, 1214-1217 
Cutoff frequency, 820, 824, 1122, 1132 
Cutoff region (of bipolar junction transistors), 

942 

Cycling (cell), 363 


D 


Damping (of parallel resonance), 797-799 

Dark current, 46 

D’Arsonval movement, 240, 241-242, 726 

DC alpha, 938 

DC beta, 938-939, 947 

DC insertions, 812 

DC load line, 949-952, 982-983 

DC networks, 301 

DC resistance, 615, 616 

DC voltage, of differential amplifiers, 1100-1103 

DC voltage dividers, 570 

Decade (unit), 475, 834 

Decade resistance boxes, 65—66 

Decay curve (for time constants), 696 

Deci - (prefix), 1151 

Decibel (dB) units, 253, 808, 831-838 

Decimal notation, 2, 5—6, 15 

Deflection current, 240-241 

Degaussing, 425 

Degrees, radians and, 455 

Deka - (prefix), 1151 

Delta (A)-connected three-phase generator, 
860-863 

A networks (A connections), 316-320, 480 
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A-Y configuration, 869-871, 872 
A-A configuration, 867-869, 872 
Demagnetization, 425 
Depletion layer, 889 
Depletion mode (of MOSFETs), 1031 
Depletion region, 889 
Depletion zone, 889 
Depletion-type MOSFETs (D-MOSFETs), 
1029-1033, 1035-1036 
Depolarizer, 366 
Derating curves (derating factors), 68-69, 944 
Desoldering, 338-339 
Diacs, 1082 
Diamagnetic materials, 408 
Dielectric absorption, 520 
Dielectric constant, 502-503 
Dielectric strength, 350, 351, 503 
Dielectrics (dielectric materials) 
capacitance of, 501-502 
in capacitors, 494 
charge in, 36-38, 496-497 
defined, 26, 350 
electric field of, 496-497 
ferrites as, 408 
Difference of potential, 33. See also Potential 
difference (PD) 
Differential amplifiers, 1100-1107, 1126-1129. 
See also Common-base amplifiers 
AC analysis of, 1103-1107 
DC analysis of, 1100-1103 
in op-amp instrumentation circuits, 1128—1129 
output voltage of, 1126-1129 
Differential input voltage, 1108 
Differential voltage gain, 1103 
Differentiators, 691 
Digital circuits, 474 
Digital multimeters (DMMs). See also 
Multimeters 
about, 128, 255-257 
analog vs., 238 
bipolar junction transistor testing with, 947 
capacitor testing with, 518, 570 
diode testing with, 256, 893-894 
and electricity, 47-48 
volt-ohm-milliammeters vs., 253 
Digital oscilloscopes, 1178, 1179 
Diode bias, 1062 
Diodes, 884—922 
AC resistance of, 968—970 
approximations for, 894-897 
DC resistance, 892 
defined, 888 
emitter, 969-970 
light-emitting, 916-918 
and op amps, 1137—1139 
p-n junction, 888-891 
ratings for, 897-898 
in rectifier circuits, 898-915 
schematic symbols for, 1165 
and semiconductor materials, 886-888 
volt-ampere characteristic curve for, 891-894 
zener, 916, 918—922 
DIP (dual-inline package) switches, 340-341 
Dipole magnets, 408 
Direct current (DC) 
filters for, 810-813 
waveforms in, 459 
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Direct current (DC) circuits 
AC circuits vs., 45 
and inductance, 585 
Direct probes (of oscilloscopes), 1172-1173 
Direct-current meters, 257 
Discharge current 
and capacitive reactance, 543-547 
of capacitors, 571 
of RC circuits, 687, 689-690 
waveshape of, 558-559 
Discharging 
of capacitors, 497-499, 534, 687, 688 
electrostatic, 46 
of insulators, 351 
of RC circuits, 692-693 
time constants for, 684-685 
of voltaic cells, 362 
Disposal, batteries, 387 
Distortion, 1107 
Distributed capacitance, 613-614 
Division, 12-13 
complex numbers, 749, 750, 753 
DMM.s. See Digital multimeters (DMMs) 
D-MOSFETs. See Depletion-type MOSFETs 
Domains, 408 
Doping, 886, 887-888 
Double subscript notation, 127—128 
Double-pole, double-throw (DPDT), 340 
Double-pole, single-throw (DPST) switches, 
340 
Double-subscript notation, 721 
DPDT (double-pole, double-throw) switches, 
340 
DPST (double-pole, single-throw) switches, 340 
Drain current, 1014 
Drain curves, 1012—1013 
Dropout voltage, 438 
Dry cells, 46, 363, 368-369 
Dual-gate JFET, 1010 
Dual-inline package (DIP) switches, 340-341 
Dual-trace oscilloscopes, 1169 
Duplex receptacle, 482-483 
Dynamometer, 727 


E 


Earth ground, 126 
EB (emitter-base) junctions, 934 
Economics of power transmission, 873-875 
Eddy currents, 606 
Edison, Thomas, 404 
Edison cell, 375 
Edison system (of power lines), 476 
EDLC (electrochemical double-layer capacitor), 
524 
Effective resistance, 662—663 
Effective value, 461. See also Root-mean-square 
(rms) value 
Effective voltage, 811 
Efficiency, of transformers, 598 
EIA. See Electronic Industries 
Alliance (EIA) 
Einstein, Albert, 27 
Electric charge(s) 
coulomb unit of, 30-32 
and current, 36-38 
in dielectrics, 36-38, 496-497 


Index 


and magnetic field, 408 
mobile positive, 44 
potential between, 33-34 
Electric fields 
in dielectrics, 496—497 
in motors and generators, 434 
of static charges, 32 
Electric shock, 99-100 
Electrical energy, 24 
Electrical isolation, 126, 598 
Electrical symbols, 1150-1152 
Electricity, 22-50 
atomic structure, 24—29 
in closed circuits, 40-42 
and coulomb unit, 30-32 
and current, 35—38, 43-45 
and digital multimeters, 47-48 
polarity, 24 
and resistance, 38-40 
sources of, 46 
static, 30 
Electrochemical double-layer capacitor (EDLC), 
524 
Electrochemical series, 365 
Electrolytes, 349 
Electrolytic capacitors, 503, 508-510 
Electromagnetic type, deflection, 726 
Electromagnetism, 46, 416-442 
and ampere-turns of magnetomotive force, 
418-419 
and field intensity, 419-422 
and hysteresis, 424-425 
and induced current, 431—433 
and induced voltage, 433-437 
and motor action, 429-431 
and polarity of coils, 428-429 
and relays, 437-439 
Electromagnets, 406, 407, 585 
Electromotive force (emf), 433, 434, 631 
Electromotive series, 365 
Electron current, 38 
Electron flow, 43 
Electron volt (eV) unit, 92 
Electron-hole pairs, 886-887 
Electronic Industries Alliance (EIA), 61 
Electrons, 24, 29 
in atomic structure, 24-29, 886 
charges of, 32 
in closed circuits, 43 
and current, 35—36, 44 
and electric charge, 30, 31 
in electron-hole pairs, 886-887 
free, 25, 112, 114, 116, 118, 343, 887, 934, 
1008 
and potential difference, 33-34 
valence, 28—29, 886 
Electrostatic discharges (ESDs), 46, 1224-1226 
Electrostatic field (of capacitance), 517 
Electrostatic induction, 497 
Electrostatics, 30, 32 
Elements, 26-27 
Emitter bias, 956-957 
Emitter bypass capacitor, 970 
Emitter diodes, 969-970 
Emitter followers. See Common-collector amplifiers 
Emitter-base (EB) junctions, 934 
E-MOSFETs. See Enhancement-type MOSFETs 
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Energized relays, 438 
Energy 

alternative and renewable, 49-50 

and capacitance, 688-689 

chemical, 46 

electrical, 24 

in electrostatic field of capacitance, 517 

in magnetic fields of inductance, 611-612 

solar, 49-50 

wind, 50 
Energy absorption/dissipation rating, 72 
Energy levels (of electrons), 27—29 
Engineering notation, 2, 6-7, 15 
Enhancement mode (of MOSFETs), 1031 
Enhancement-type MOSFETs (E-MOSFETs), 

1033-1035, 1036-1037 

Equivalent resistance, 146, 152-157 
Equivalent series resistance (ESR), 520-521 
ESR (equivalent series resistance), 520-521 
Eutectic solder, 1154 
Extrinsic semiconductors, 886 


F 


Fans, 68 
Farad (F) unit, 8, 494, 499-503, 1150 
Faraday, Michael, 401, 494, 499 
Faraday screens, 614 
Faraday’s law, 434—435 
Feedback, negative, 1114-1124 
Feedback fraction, 1116 
Ferrite core inductors, 607—608 
Ferrites, 408—409 
Ferromagnetic materials, 408 
FETs. See Field effect transistors (FETs) 
Field effect transistors (FETs), 1008—1038 
biasing techniques for JFETs, 1015-1021 
biasing techniques for MOSFETs, 1035-1037 
characteristics of JFETs, 1010-1015 
depletion-type MOSFETs, 1029-1033 
enhancement-type MOSFETs, 1033-1035 
handling of MOSFETs, 1037—1038 
and JFET amplifiers, 1021-1029 
Field intensity, 419-422 
Field winding, 479 
Film capacitors, 505, 510-511 
Film-type resistors, 59—60 
Filtering, 810 
Filters, 808-841 
active, 821, 1129-1133 
and bypass capacitors, 817-819 
and capacitive coupling, 814-816 
decibels and frequency response curves of, 
831-838 
for direct and alternating current, 810-813 
high-pass, 819, 821-822 
interference, 840-841 
low-pass, 819-821 
resonant, 838-840 
and transformer coupling, 813-814 
Five-band color code (for resistors), 62—63 
Fixed decimal notation, 15 
Flasher unit, 134 
Float charging, 32 
Floating decimal notation, 2, 5—6, 15 
Fluctuating direct current, 810 
Flux (for soldering), 1155, 1159 
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Flux density, 401, 402—404, 422—423 
Flywheel effect, 781 
Foot-pound (ft.lb) unit, 91 
Force 
coercive, 425 
on conductors in magnetic fields, 429—431 
electromotive, 433, 434 
magnetizing, 418—419, 422, 424—425 
magnetomotive, 418-419 
Form factor (of sine waves), 461 
Forward bias, 889-890 
Forward blocking current, 1083 
Forward breakover voltage, 1083 
Free electrons, 25, 112, 114, 116, 118, 343, 887, 
934, 1008 
Frequency multipliers, 1071—1072 
Frequency ratings, 602 
Frequency response curves, 831-838, 1056, 
1110-1111 
Frequency(-ies) 
of alternating current, 450, 461-463, 470 
and capacitive current/voltage, 559 
and capacitive reactance, 537, 538 
cutoff, 820, 824, 1122, 1132 
harmonic, 475 
and induced current/voltage, 639 
and inductive reactance, 631—634, 636-637 
notch, 830 
and oscilloscopes, 1176-1177 
pulse repetition, 1176-1177 
resonant, 781-785 
and time, 470 
of waves, 474 
Friction, 46 
F-type connectors, 337, 352 
Fuel cells, 375-376 
Full-wave rectifier, 902 
Function switches (of digital multimeters), 256 
Frye 1122 
Fuses, 163 
in digital multimeters, 48 
in parallel circuits, 160 
schematic symbols for, 1164 
testing, 259, 343 
types of, 341-343 
Fusible resistors, 60 


G 


Gage sizes (of wire conductors), 333-334 

Galvani, Luigi, 364 

Galvanic cell. See Voltaic cells 

Galvonometer, 188 

Ganged capacitors, 506 

Gases, 44, 348-350 

Gate, 1010, 1088 

Gate bias, 1015-1017 

Gate current, 1012, 1084 

Gate-source cutoff voltage, 1012 

Gauss, Carl Friedrich, 401 

Gauss, Karl Friedrich, 402 

Gauss (G) unit, 402, 421 

Gaussmeter, 410 

Generator 
alternating current in, 478—480 
alternating voltage, 453—455 
internal resistance, 379-382 
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Generator (continued) 
motion of electric field in, 434 
output, load resistance on, 384 
three-phase AC, 854-855 
Germanium, 346 
GFCIs (ground-fault circuit interrupters), 483 
Giga- (prefix), 8, 16, 1151 
Gilbert, William, 419 
Gilbert (Gb) unit, 419 
Glass-cartridge fuses, 332, 341 
Gold, 344, 365 
Graphics, 1220-1222 
Graphs and graphing, straight line (linear), 88, 
89 
Graticules (of oscilloscopes), 1170 
Gray color in electrical wiring, 353 
Greek letters, 1151-1152 
Grid-connected systems, 50 
Ground connections (grounding) 
in electronic systems, 126-128 
in power distribution systems, 126, 
477-478 
schematic symbols for, 1161 
Grounded LED, 73 
Ground-fault circuit interrupters 
(GFCIs), 483 


H 


Half-wave rectifier, 899, 1137-1138 
Hall, Edwin H., 409 
Hall effect, 409-410 
Harmonic frequencies, 475 
HCA (hot cranking amperes) rating, 386 
Heat, 94, 95, 118, 346 
Heat cycle (of soldering), 1155-1157 
Heat rate recognition, 1157 
Heavy-duty batteries, 367 
Hecto-(prefix), 1151 
Helium, 27, 29 
Henry, Joseph, 585 
Henry (H) unit, 8, 582, 585, 1150 
Hermetically sealed enclosures, 438 
Hertz, Heinrich, 462 
Hertz (Hz) unit, 8, 461-462, 1150 
High-pass filters, 819, 821-822, 1132-1133 
High-reliability soldering, 1153 
High-resistance circuits, 249 
High-voltage probes, 255 
Holding current, 438, 1082 
Holes, 44 
Holiday lights 

parallel circuits, 166-167 

series circuits, 133-134 
Home appliances, Ohm’s law, 102 
Horsepower (hp) unit, 91 
Horseshoe magnets, 406 
Hot cranking amperes (HCA) rating, 386 
Hot resistance, 347-348 
House wiring, 148, 334, 335, 342-343, 476-477 
Hydrogen, 29, 365 
Hydrometer, 372 
Hyperbolas, 90 
Hysteresis, magnetic, 424—425, 607 
Hysteresis loop, 424-425 
Hysteresis loss, 424 
Hysterisis voltage, 1136-1137 
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ICs (integrated circuits), 1107 
Ideal diode approximation, 894 
Impedance. See also Input impedance; Output 
impedance 
of AC circuits, 718 
of capacitive circuits, 561-563, 566 
in complex form, 747-748 
of inductive circuits, 655-657 
and inductive reactance/resistance, 659-660 
reflected, 602-603 
at series resonance, 776 
in transistor amplifiers, 979—981, 985-988, 994 
Impedance matching, 604—606 
Impurity atoms, 886 
Indium arsenide, 409-410 
Induced current (inductive current), 431—433, 
652 
Induced voltage (inductive voltage), 589-590, 
744 
and alternating current, 453-455 
and electromagnetism, 433—437 
in inductive circuits, 652-653, 666-667 
and inductive reactance, 637—641 
in RL circuits, 683 
Inductance, 582-618 
and alternating current, 585 
choke, 664 
energy in magnetic fields of, 611-612 
and inductive reactance, 631-634 
vs. inductive reactance, 642 
and inductors, 606-607, 614-616 
and L/R time constants, 680-682 
mutual, 590-593, 610-611 
and nonsinusoidal waveforms, 678 
self-, 585-588 
and self-induced voltage, 588-589 
in series and parallel, 609-611 
stray capacitance and, 612-614 
and transformers, 593-602 
variable, 608-609 
Induction 
electromagnetic, 431 
electrostatic, 497 
magnetic, 404—405, 425 
Inductive circuits, 650-668 
and chokes, 664—665 
current, 652-653 
and impedance triangle, 655-657 
in parallel, 658-661 
and quality of coils, 661—663 
in series, 653-655 
voltage in, 652-653, 666-667 
Inductive reactance, 628-641 
in AC circuits, 715-716 
and alternating current, 630-631 
vs. Capacitive reactance, 642 
complex numbers for, 746 
and frequency, 631—634, 636-637 
and induced voltage, 637—641 
and inductance, 631—634 
vs. inductance, 642 
and Ohm’s law, 631, 635-636 
and resistance, 650, 653-655 
ys. resistance, 642 
series and parallel, 635 
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Inductors 
coding, 614-615 
core losses in, 606-607 
defined, 582 
measuring and testing, 614-616 
schematic symbols for, 1163 
series and parallel, 715-716 
In-phase waveforms, 469 
Input bias currents, 1110 
Input coupling capacitor, 970 
Input impedance, of op amps, 1116 
Input offset current, 1110 
Input voltage, 1108, 1138 
Instrumentation circuits, op amp, 1128-1129 
Insulated gate FETs (IGFETs), 1029. See also 
Metal-oxide-semiconductor field effect 
transistor 
Insulation resistance, 438 
Insulators, 26, 350-351, 408, 494. See also 
Dielectrics (dielectric materials) 
Integrated circuits (ICs), 1107 
Integrators, 691 
Interbase resistance, 1089 
Interference filters, 840-841 
Internal resistance(s) 
in batteries, 360, 364-365, 382 
generator, 379-382 
in moving-coil meters, 241-242 
Intrinsic semiconductors, 886 
Intrinsic standoff ratio, 1089 
Inverse relations, 89—90 
Inversely proportional (term), 539 
Inverted voltage sources, 128 
Inverting amplifiers, 1114-1117 
Inverting input (of differential amplifiers), 1100, 
1103 
Ionic bonds, 349-350 
Ionization current, 44, 349 
Tons, 44, 348, 349 
IR voltage drops. See Voltage drops 
Tron, 344, 405, 407, 408, 423 
Tron-core coil, 588 
Tron-vane meter, 727 
Isolation, electrical, 126, 598 
Isolation amplifiers, 1120-1121 
Isolation transformer, 617—618 
Isotopes, 29 
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JFET. See Junction field effect transistor (JFET) 
Joule, James Prescott, 92 
Joule (J) unit, 34, 92 
Junction field effect transistor (JFET) 
amplifiers, 1021-1029 
biasing techniques for, 1015-1021 
characteristics of, 1010-1015 
schematic symbols, 1010-1011 


K 


K shell, 28 

Keepers (for magnets), 406 

Kilo- (prefix), 8, 16, 103, 1151 
Kilowatt (kW) unit, 92-93 
Kilowatt-hours (kWh) unit, 92-93 
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Kirchhoff, Gustav R., 274, 278 
Kirchhoff’s current law, 274, 276-278 
Kirchhoff’s laws, 274-291 

and branch currents, 278-284 
Kirchhoff’s voltage law, 119-121, 150-152, 

274, 278-281 
and mesh currents, 287—290 
and node-voltage analysis, 278-286 


L 


L shell, 28 
Laminated core inductors, 607 
Lamps, 1164 
LCR meters, 614 
Lead, 365, 370 
Lead dress, 613 
Lead peroxide, 370 
Lead sulfate, 371 
Lead-acid cells, 34, 360, 370-373, 386-387 
Leakage current, 508, 889-891 
Leakage flux, 59, 406 
Leakage resistance, 519 
Leaky capacitors, 522 
Leclanché cell, 366-367 
LED (light-emitting diode), 884, 916-918 
Left-hand generator rule, 428, 431, 433 
Lenz, Heinrich Friedrich Emil, 432 
Lenz’s law, 59, 432-433, 437, 589 
Light current, 46 
Light-emitting diode (LED), 884, 916-918 
Li-ion cell. See Lithium-ion (Li-ion) cell 
Line voltage, 854 
Linear components (term), 301 
Linear proportions, 88—90 
Linear resistance, 89 
Liquids, 44, 348-350 
Lithium, 365 
Lithium cell, 369 
Lithium-ion (Li-ion) cell, 374-375 
Lithium-sulfur dioxide cell, 369 
Lithium-thionyl chloride cell, 369 
Litz wire (litzendraht), 662 
Load current (load) 
in circuits, 42, 225 
and class B power amplifiers, 
1062-1063 
parallel, 223-225 
in triacs, 1088-1089 
voltage drops and, 380-381 
Load line, 949-952, 1055-1056 
Load resistance, 42, 378-379 
and CE amplifier, 976-977 
and efficiency, 385 
on generator output, 384 
power in, 384-385 
voltage across, 385 
Load test, 372 
Loaded voltage dividers, 214, 225-226 
Loading down, 248 
Loading effect, 248-250 
Lodestone, 396 
Long time constant, 693-695 
Loop equations, 278-279, 282 
Loops, 278, 428, 431, 453-454 
Loose coupling, 59 
Loudness, 462 
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Low capacitance probe (oscilloscope), 
1173-1174 

Low-pass filters, 819-821, 1129-1130 

Low-power ohms, 253 

LIR, 680-682 

L/R time constants, 680-682 

L-type resonant filter, 839-840 


M 


M shell, 28 
Magnesium, 365 
Magnetic field intensity, 422—423 
Magnetic field lines, 398 
Magnetic fields, 46, 396, 409 

and alternating current, 584 

around electric currents, 426-427 

and electric charges, 408 

and electromagnetism, 416 

and induced current, 431—432 

and induced voltage, 433-434 

of inductance, 611-612 

induction by, 404—405 

intensity of, 419-421 

and magnetic poles, 398-399 
Magnetic flux, 400-401 

amount, 434 

and flux density, 404 

hysterisis of, 424-425 

and induced current, 432 

and induced voltage, 434 

leakage flux, 59, 406 

and mutual inductance, 59 

rate of change of, 435 
Magnetic hysteresis, 424-425, 607 
Magnetic induction, 404—405, 425 
Magnetic potential, 418. See also 

Magnetomotive force (mmf) 
Magnetic shielding, 409 
Magnetic tape recording, 407 
Magnetism, 396-410. See also 
Electromagnetism 

and B-H curve, 422-423 

of ferrites, 408-409 

and fields around electric currents, 426-427 

and flux density, 402-404 

and Hall effect, 409-410 

and induction, 404—405 

and magnetic fields, 398-399, 404—405, 409 

and magnetic flux, 400-401 

and magnets, 406—408 

and shielding, 409 
Magnetization curve, 422—423 
Magnetizing force, 418-419, 422, 424-425 
Magnetomotive force (mmf), 418-419 
Magnets, 396, 406-408 

air gaps of, 406 

alnico, 407 

bar, 398, 406, 428 

dipole, 408 

electromagnets, 406, 407, 585 

horseshoe, ring, and toroid, 406 

keepers for, 406 

magnetic fields of, 398-399 

permanent, 407 
Main lines (of parallel circuits), 150 
Mains (power lines), 475 
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Majority current carriers, 888 
Making (by relays), 437, 438 
Manganese dioxide cells (alkaline cells), 363 
Manganin, 344 
Maximum continuous voltage rating, 72 
Maximum DC current rating, 1084 
Maximum forward-surge current 
rating, 898 
Maximum reverse current, 898 
Maximum working voltage rating, 98—99 
Maxwell, James Clerk, 400 
Maxwell (Mx) unit, 400, 401 
Mega- (prefix), 8, 16, 103, 1151 
Mercury, 365 
Mercury cell, 368 
Mesh currents, 287—290 
Metal oxide varistor (MOV), 71-72 
Metal-film resistors, 59-60 
Metal-oxide-semiconductor field effect 
transistor (MOSFET) 
biasing techniques for, 1035-1037 
depletion-type, 1029-1033, 1035-1036 
enhancement-type, 1033-1035, 1036-1037 
handling of, 1037-1038, 1224 
Metals, specific resistance of, 344 
Meter shunts, 242-244 
Meter-kilogram-second (mks) system, 401 
Metric prefixes, 7-9, 1151 
converting between, 10 
Mho (unit), 39 
Mica, 346 
Mica capacitors, 504 
Micro- (prefix), 8, 16, 103, 1151 
Microfarad (uF) unit, 499 
Milli- (prefix), 8, 16, 103, 1151 
Milliammeters, 257 
Millman’s theorem, 314—316 
Minority current carriers, 888 
Mistuning, 795-796 
Mobile positive charges, 44 
Molecules, 27 
Morse, Samuel, 401 
MOSFET. See Metal-oxide-semiconductor field 
effect transistor (MOSFET) 
Motor action, 429-431 
Motors, 434, 478-480 
Moving-coil meter, 240-242, 431 
Multimeters, 1196-1198 
analog, 238 
applications of, 57-259 
digital, 128, 255-257 
features of, 253—255 
meter shunts in, 242—244 
moving-coil meter in, 240-242 
ohmmeters in, 250-252, 259-260 
voltmeters in, 245-248 
Multiple-pin connectors, 337 
Multiplication, 12-13 
complex numbers, 749, 750, 752-753 
Multiplier digit, 615 
Multiplier resistors, 245—246 
Multipliers (in coding), 511 
MultiSim, 1182-1223 
adding text and graphics, 1220-1222 
circuit examples, 1202-1214 
components of, 1188-1192 
customization of, 1214—1217 
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MultiSim (continued) 
exporting data from, 1217—1220 
measurement equipment, 1196-1201 
opening file, 1184—1187 
running simulations, 1187 
saving files, 1187-1188 
sources, 1192-1196 
work area, 1182—1184 
Multitesters, 253. See also Multimeters 
Mutual inductance, 590-593, 610-611 
Mutual resistance, 287 


N 


N shell, 28 
Nameplate, 102 
Nano- (prefix), 8, 16, 1151 
Nanofarad (nF) unit, 499 
Nanohenry unit, 637 
National Electrical Code (NEC), 334, 482 
n-channel JFET, 1011—1012 
NEC (National Electrical Code), 334, 482 
Negative feedback, 1114-1124 
Negative numbers, 744 
Negative polarity, 24, 30 
Negative potential (for circuits), 122 
Negative powers of 10, 13 
Negative saturation voltage, 1109-1110 
Negative temperature coefficient (NTC), 60, 
347 
Neon, 348, 349 
Network theorems, 298—320 
conversions of, 310-312 
Millman’s theorem, 314-316 
Norton’s theorem, 307—310 
superposition theorem, 300-301 
Thevenin’s theorem, 301-307 
for Y and A connections, 316-320 
Networks, 298, 301, 319-320, 480, 481 
Neutrons, 29 
NiCd cells. See Nickel-cadmium cells 
Nichrome, 344, 347 
Nickel, 344, 365 
Nickel-cadmium (NiCd) cells, 373-374 
Nickel-iron (Edison) cell, 375 
Nickel-metal-hydride (NiMH) cell, 374 
Nickel-zinc cell, 375 
NiMH cell. See Nickel-metal-hydride (NiMH) 
cell 
Nodes, 285 
Node-voltage analysis, 278-286 
Noisy resistance controls, 69-70 
No-load voltage, 380 
Nominal voltage, 71-72 
Noninverting amplifiers, 1117—1120 
Noninverting input (of differential amplifiers), 
1100, 1103 
Nonlinear resistance, 89 
Nonmetallic-sheathed cable (NM), 353-354 
Nonpolarized electrolytics, 508-509 
Nonsinusoidal waveforms, 473-475, 650, 678 
Normally closed (NC) push-button switch, 
340-341, 437, 442 
Normally open (NO) push-button switch, 
340-341, 437, 442 
North-seeking pole (of magnets), 398 
Norton, E. L., 307 
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Norton’s theorem, 307—310 

Notch filter, 830-831 

Notch frequency, 830 

npn transistors, 934—935 

NTC. See Negative temperature coefficient 
(NTC) 

n-type semiconductors, 887-888 

Nucleus, 24, 29 


O 


O shell, 28 
Octave, 475 
Oersted, H.C., 420 
Oersted (Oe) unit, 420, 421 
Ohm, Georg Simon, 38, 39, 80 
Ohm (V) unit, 8, 38-39, 51, 82, 86, 103, 253, 
547, 572, 639, 1150 
Ohm-centimeters (V.cm) unit, 345-346 
Ohmic region, 1012, 1015 
Ohmmeters, 250-252, 259-260 
applications of, 57-259 
bipolar junction transistor testing with, 
945-947 
capacitor testing with, 521-522 
continuity testing with, 259-260 
diode testing with, 893 
fuse testing with, 343 
relay coil resistance testing, 439 
resistor testing with, 70 
schematic symbols for, 1165 
Ohm’s law, 38, 80-103 
and capacitive reactance, 542 
current in, 82-84 
and electric shock, 99—100 
home appliances, 102 
and inductive reactance, 631, 635-636 
for parallel circuits, 12-153 
and power, 90-97 
relations in, 88—90 
resistance in, 85—86 
and resistors for circuits, 97-99 
for series-parallel circuits, 182-183 
and superposition theorem, 300 
and Thevenin’s theorem, 303 
troubleshooting circuits with, 100-101 
units from, 86-87 
voltage in, 84-85 
Ohms-per-volt rating, 247—248 
Open branches (in parallel circuits), 161, 162 
Open circuits, 42, 100-101 
capacitance of, 614 
and capacitors, 522 
and inductors, 615 
in parallel circuits, 161, 162 
in printed wiring, 339 
and relays, 438, 439 
in series circuits, 129-131 
series-parallel circuit, 193 
and Thevenin’s theorem, 301-304, 310-312 
voltage tests for, 259 
Open winding, 616 
Open-circuit voltage, 380 
Open-loop cutoff frequency, 1121 
Open-loop voltage gain, 1108-1110 
Operating regions (for bipolar junction 
transistors), 940—942 
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Operational amplifiers (op amps) 
and active filters, 1129—1133 
characteristics of, 1107-1113 
and common-base amplifiers, 991 
and comparators, 1135-1137 
and differential amplifiers, 1100-1107, 
1126-1129 
and diodes, 1137-1139 
for instrumentation circuits, 1128—1129 
with negative feedback, 1114-1124 
schematic symbols, 1166 
and summing amplifiers, 1124-1126 
and voltage/current converters, 1133-1134 
Orbitals, 27—28 
Ordinate, 88 
Oscillators, relaxation, 1090-1091 
Oscilloscopes, 1167—1181, 1198-1199 
about, 1167—1172 
and alternating current, 452, 460, 463, 474 
controls for, 1170—1172, 1179-1181 
digital, 1178, 1179 
probes for, 1172-1174 
voltage and time measurements with, 
1174-1179 
Out-of-phase waveforms, 469, 470 
Output current, 1133 
Output impedance, of op amps, 1116 
Output voltage 
of differential amplifiers, 1126-1129 
of op amps, 1108, 1109, 1114, 1115 
of voltage and current converters, 1135 


P 


P shell, 28 
Paper capacitors, 504-505 
Parallax, 241 
Parallel AC circuits, 712 
capacitive reactance in, 717 
complex numbers in, 755-759 
inductive reactance in, 716 
power factor in, 725 
reactance and resistance in, 721—723 
resonance in, 778-781 
with three complex branches, 761-762 
Parallel banks, 153-154, 183 
Parallel branches, 151 
capacitive voltage in, 559 
current and voltage sources in, 312-313 
inductive voltage for, 652—653 
and Millman’s theorem, 315-316 
Parallel capacitances, 515 
Parallel capacitive reactance, 541 
Parallel circuits, 146-167, 668 
with AC resistance, 472 
application of, 166—167 
applied voltage, 148 
capacitive reactance in, 564-568 
current in, 149-150 
inductive, 658-661 
Kirchhoff’s current law for, 150-152 
with random unknowns, 160 
resistance in, 152-157, 564-568 
total power in, 159 
troubleshooting, 160-165 
Parallel conductance, 158 
current division by, 222-223 
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Parallel connections (in batteries), 376-377 
Parallel inductance, 609-611 
Parallel inductive reactance, 635 
Parallel load currents, 223—225 
Parallel resistances, 714 
current divider with, 220-221 
Parallel resonance, 778-781 
in AC circuits, 778-781 
current at, 779-780 
damping of, 797-799 
filters, 839 
and impedance, 780-781 
mistuning, 795 
ys. series, 800 
Paramagnetic materials, 408 
Passband, 821 
Passive components (term), 301 
Passive filters, 821 
PC. See Printed-circuit (PC) boards 
PC (printed-circuit) boards, 64, 338-339 
P-channel field effect transistors, 1032 
p-channel JFET, 1010 
Peak inverse voltage (PIV), 901-902, 905-906, 
909-910, 915 
Peak reverse voltage rating, 1083 
Peak value (of waves), 459, 460, 474 
Peak-to-peak value (of waves), 459, 460, 473 
Pegged (term), 241 
Peltier Effect, 432 
PEMFC (proton exchange membrane fuel cell), 
376 
Pentavalent atom, 887 
% duty cycle, 1177 
Percent efficiency, 1054 
Period, 463-464, 473, 474 
Permanent magnets, 407 
Permeability, 405, 421 
Permittivity, relative, 502 
Phase angle 
in AC circuits, 719-720 
of alternating current, 467-469 
of capacitive current, 546, 558, 566 
complex numbers, 751 
of induced voltage, 638, 641, 652 
and inductive reactance/resistance, 654, 656 
parallel circuit, 722 
and resistance/reactance, 559-560, 562 
three-phase AC power systems, 872 
and time, 470 
of waves, 473 
Phase control circuits, 1091—1092 
Phase current, 860 
Phase inversion, 974 
Phase measurements, 1177—1178 
Phase voltage, 854 
Phase-shifter circuits, 563-564 
Phasing dots (for transformers), 600 
Phasor diagrams, 468 
Phasors (phasor triangle) 
complex numbers for, 746 
for current, 565-566, 658-659 
x networks, 316 (See also A networks) 
references for, 468-469 
for voltage, 560-561, 654-655 
Phone plugs, 337 
Photoelectricity, 46 
Photoelectrons, 46 
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Photovoltaic (PV) arrays, 49 
Photovoltaic (PV) cells, 49 
Pickup current, 438 
Pickup voltage, 438 
Pico- (prefix), 8, 16, 1151 
Picofarad (pF) unit, 499 
Pies, 614 
Pinch-off voltage, 1012 
PIV (peak inverse voltage), 901-902, 905-906, 
909-910, 915 
x networks, 316. See also A networks 
Planck, Max, 27 
p-n junction diodes, 888-891 
pnp transistors, 934—935 
pnpn devices, 1082 
Point-contact transistor, 934 
Polar coordinates, 751 
Polar form (of complex numbers), 752-753 
Polarity 
and alternating current, 452, 458 
and alternating voltage, 450, 453 
of capacitors, 508 
counter emf, 631 
electrolytic capacitors, 508 
of induced poles, 405 
of induced voltage, 437, 589-590, 667 
of IR voltage drops, 121-122 
magnetic, 428—429 
negative and positive, 24, 30 
and static charge, 30-32 
voltage, 121—122 
Polarization, 366 
Poles 
attraction and repulsion of, 429, 430 
induced magnetic, 405 
of magnets, 396, 398-399, 429, 430 
of solenoids, 428 
of switches, 339, 340 
Polyphase AC circuit, 852 
Positive numbers, 744 
Positive polarity, 24, 30 
Positive potential (for circuits), 122 
Positive saturation voltage, 1109-1110 
Positive temperature coefficient (PTC), 60, 
346-347 
Potential, 33, 122, 418 
Potential difference (PD), 33—34, 41, 46, 118 
Potentiometers (pots), 66-68 
as variable voltage divider, 219 
Powdered-iron core inductors, 607 
Power 
and alternating current, 404, 471 
apparent, 601, 726, 731 
of class B push-pull amplifiers, 1063—1065 
constant, 875 
defined, 80 
economics of transmission, 873-875 
equations for, 95-97 
generation of, 875 
load resistance, 384—385 
in parallel circuits, 159 
reactive, 726, 731 
real, 724-726, 731 
and rms value of sine waves, 461 
in series circuits, 122-123 
of transformers, 595-596 
and work, 90-93 


= o o o bi 
by o eer ig o 
o o 
Co <c a 7% o 
ee o o å og 
o o 
o o 
en o ° ọ gon 


Power amplifiers, 1048—1072 
class A, 1050-1060 
class B, 1051 
class C, 1051 
Power bandwidth (of op amps), 
1111-1112 
Power derating curve (of resistors), 68—69 
Power dissipation 
in bipolar junction transistors, 943 
in DC networks, 301 
and Ohm’s law, 94-95 
by resistors, 58, 65, 97 
in series circuits, 122 
transistor, 1053—1054 
Power dissipation ratings, 943 
Power factor, 725, 731-732 
Power lines 
alternating current in, 475-478 
alternating voltage in, 450 
applied voltage in, 129-131 
current and resistance in, 95 
grounding of, 126 
power supplies for, 362 
Power ratings 
of resistors, 68—69 
of transformers, 601—602 
Power supplies 
for class B amplifiers, 1065-1066 
defined, 899 
for op amps, 1123 
for power lines, 362 
Power-line filter, 840-841 
Power-producing value, 461 
Powers of 10 notation 
addition and subtraction with, 11—12 
engineering notation, 2, 6-7, 15 
metric prefixes, 7-9 
multiplication and division with, 12-13 
reciprocals with, 13 
scientific calculators, 15-16 
scientific notation, 2, 4—6, 10 
square roots in, 14—15 
squaring numbers in, 14 
Precision half-wave rectifiers, 1138—1139 
Precision peak detectors, 1138-1139 
Preferred resistance values, 63, 1160 
Primary cells, 362, 366-369 
Principal nodes, 285 
Printed wiring, 338-339 
Printed-circuit (PC) boards, 64, 338-339 
Probes 
amp-clamp, 253, 426 
high-voltage, 255 
for multimeters, 254-255 
for oscilloscopes, 1172-1174 
Proportional voltage method, 216-217 
Protected LED, 73 
Proton exchange membrane fuel cell (PEMFC), 
376 
Protons, 24-27, 29, 31, 33 
PTC. See Positive temperature 
coefficient (PTC) 
p-type semiconductors, 888 
Pulsating direct current, 810 
Pulse repetition frequency, 1176-1177 
Pulse repetition time, 690 
Pulse-type waves, 474 
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Push-button switches, 340-341 

PV module, 49 

PV systems, 49 

Pythagorean theorem, 561, 566, 654 


Q 


Q point (of bipolar junction transistors), 966 
Q shell, 28 
Quadrature phase, 467, 468 
Quality (figure of merit) 
of capacitors, 663 
of coils, 661-663 
resonant circuits, 785-789 


R 


Radian (rad) unit, 455 
Radiation resistance, 384 
Radio frequency (rf), 462 
in circuits, 772 
Radio frequency (rf) chokes, 409, 588, 664-665 
Radio waves, 464 
Radios, 453 
Ramp voltage, 474 
Range overload (of digital multimeters), 256 
Ratio arm, 188 
Rationalization, 750 
RC bandpass filters, 829 
RC band-stop filter, 830-831 
RC circuits, 678, 684-691 
charge and discharge curves for, 687 
coupling circuits, 693-695 
long and short time constants in, 692-695 
phase-shifter, 563-564 
reactance and time constant in, 698—700 
series and parallel, 572 
short-circuiting of, 688-689 
time constant for, 684-687, 695-698 
voltage and current in, 689-691 
RC-coupled class A power amplifiers, 
1054-1060 
RC coupling circuits, 814-815 
RC high-pass filters, 827-828 
RC low-pass filters, 823-825 
RC phase-shifters, 563-564 
RC (reserve capacity) rating, 386 
RCA-type plugs, 337 
Reactance, 534. See also Capacitive reactance; 
Inductive reactance 
in AC circuits, 715-716 
in inductive circuits, 650 
opposite, 717-718 
parallel, 721-723 
phasors for, 719 
in RC circuits, 698-700 
series, 719-721 
series-parallel, 723-724 
and time constants, 698—700 
Reactive power, 726, 731 
Real power, 724-726 
Recharging (of batteries), 363 
Reciprocal resistance formula, 154—155 
Reciprocals (in powers of 10 notation), 13 
Rectangular form (of complex numbers), 
753-7155 
Rectangular form, complex numbers, 746 
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Rectangular waves, 475 
Rectifier diodes, 898—915 
capacitor input filters, 910-915 
full-wave, 902 
full-wave bridge, 907—910 
half-wave, 899 
Rectifier type, deflection, 727 
Rectifiers, silicon controlled, 1082—1087 
Reference voltages (for comparators), 
1135-1136 
Reflected impedance, 602—603 
Relative permeability, 405, 421 
Relative permittivity, 502 
Relative thermal mass, 1155, 1156 
Relaxation oscillators, 1090-1091 
Relays, 407, 437-439, 1164 
Renewable energy, 49-50 
Repulsion (of magnetic poles), 429, 430 
Reserve capacity (RC) rating, 386 
Residential wiring, 148, 334, 335, 342-343, 
476-477 
Residual induction, 425 
Resistance. See also related topics, e.g.: RC 
circuits 
in AC circuits, 453, 471-473, 714, 719-721 
AC effective, 662-663 
alternating current, 968-970 
in balanced networks, 319-320 
branch, 146, 149, 157, 472 
in bridge circuits, 318-319 
bulk, 895 
calculation, 226 
and capacitive coupling, 815 
and capacitive reactance, 559-561 
coil, 775 
cold, 347-348 
in conductors, 330, 332, 346-348 
DC, 615, 616 
of diodes, 968—970 
effective, 662-663 
and electricity, 38-40 
equivalent, 146, 152-157 
equivalent series, 520-521 
hot, 347-348 
and inductive reactance, 650, 653-655 
vs. inductive reactance, 642 
insulation, 438 
in insulators, 330 
interbase, 1089 
leakage, 519 
linear, 89 
load, 42 
and loading effect, 248-249 
and L/R time constants, 680-682 
measuring, 48, 250, 255, 381-382 
in meter shunts, 242-244 
in moving-coil meters, 241-242 
mutual, 287 
nonlinear, 89 
and Norton’s theorem, 308 
and Ohm’s law, 85-86, 89 
of open and short circuits, 42 
and parallel circuits, 152-157, 714, 721-722 
phasors for, 719 
power dissipation in, 94-95 
preferred values of, 63, 1160 
reciprocal resistance formula, 154-155 
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relay coil, 439 
and series circuits, 116-117, 714, 719-721 
in series-parallel circuits, 180-185, 723-724 
specific, 344-345 
and Thevenin’s theorem, 302 
total-current method for, 155 
and voltaic cell, 364—365 
voltmeters, 247 
in wire conductors, 343—346 
wire-wound, 39 
in Y and A networks, 317 
zero-power, 65 
Resistance banks, 153—154, 183—185 
Resistance color stripes, 61—62 
Resistance controls, 65, 69-70 
Resistance strings, 116, 181-183 
Resistance wire, 58—59, 346 
Resistivity, 343-346 
Resistor tolerance, 62 
Resistor voltage, 690, 693-695 
Resistors, 56—74, 219, 714 
carbon-composition, 58, 59, 68-69 
carbon-film, 59, 60 
for circuits, 97-99 
color coding of, 61-65 
fusible, 60 
multiplier, 245-246 
power rating of, 68—69 
reactive effects in, 614 
rheostats and potentiometers as, 66-68 
schematic symbols for, 1162 
series voltage-dropping, 125 
shunt, 242-244 
swamping, 977-979 
troubleshooting, 69-70 
types of, 58-61 
variable, 65—66 
wire-wound, 58—59, 63, 68 
zero-ohm, 63—64 
Resolution (of digital multimeters), 256 
Resonance, 772-800. See also Parallel 
resonance 
defined, 774 
in parallel AC circuits, 778-781 
and resonant circuits, 785-789 
and resonant frequency, 781-785 
series, 774—778, 785-787 
tuning and mistuning of, 793—796 
Resonant circuits, 453, 774 
bandwidth of, 789-793 
capacitance and reactance for, 799 
damping of, 797-799 
parallel, 778-781, 796-797 
quality of, 785-789 
series, 774—778, 785-787 
tuning and mistuning of, 793—796 
Resonant filters, 838—840 
Resonant frequency, 774, 781-785 
Response curve, 775 
Response time, 72 
Retentivity, 425 
Reverse bias, 889—891 
Reverse blocking current, 1083 
RF shielding, 606-607 
Rheostats, 66-68 
Ribbon cables, 336 
Right-hand rule for motors, 430 
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Ring magnets, 406 

Ringing (LC circuit), 781 
Ringing tests, 614 

Ripple, 812 

RL circuits, 678, 680, 682-683 
RL high-pass filters, 828-829 
RL low-pass filters, 825-827 
RLC circuits, 719 

Rocker switches, 340-341 
Root-mean-square (rms) value, 459-461, 473 
Rotary switches, 340-341 
Rotors, 478, 506, 794 
Rutherford, Lord, 27 
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Saturation, 423 
Saturation region, 941, 1089-1090 
Saturation voltage, 1109-1110 
Sawtooth waves, 474 
Scaling amplifiers, 1125 
Schematic symbols 
JFET, 1010-1011 
transistors, 935 
Schematics, symbols for, 1161—1166 
Schmitt trigger, 1136-1137 
Scientific calculators, 15-16 
Scientific notation, 2, 4—6, 10 
SCRs (silicon-controlled rectifiers), 1082-1087 
Sealed rechargeable cells, 363 
Second (s) unit, 463, 1150 
Secondary cells, 362-363, 370-376 
Secondary current, 595 
Self-bias, 1017—1019 
Self-excited generators, 479 
Self-induced voltage, 588-589 
Self-inductance, 585-588 
Semiconductors 
electrons in, 26, 27 
extrinsic and intrinsic, 886 
and Hall effect, 409-410 
holes in, 44 
n-type and p-type, 887-888 (See also Diodes) 
Series AC circuits, 712 
capacitive reactance in, 716-717 
complex numbers in, 755-757 
phasors in, 719 
power factor in, 725 
reactance and resistance in, 719-721 
with resistance, 471 
resonance in, 774-778, 785-787 
Series capacitances, 515-517 
Series capacitive reactance, 541 
Series circuits, 112-135, 668 
application of, 133-134 
capacitive current in, 558 
capacitive reactance in, 559-561 
current in, 114-116 
and ground connections, 126-128 
inductive, 653-655 
inductive current in, 652 
inductive reactance in, 715-716 
IR voltage drops in, 118-119, 121-122 
Kirchhoff’s voltage law for, 119-121 
in ohmmeters, 250-251 
with random unknowns, 124—125 
resistance in, 116-117, 559-561 
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series-aiding and -opposing voltages in, 
123-124 
total power in, 122-123 
troubleshooting, 128—132 
Series components (term), 116 
Series connections (in batteries), 376, 377 
Series inductance, 609-611 
Series inductive reactance, 635 
Series resistances, 714, 719-721 
Series resonance, 774-778, 785-787 
filters, 838 
vs. parallel, 800 
Series strings, 116, 183-184 
Series voltage dividers, 216-220 
with parallel load current, 223-225 
Series voltage-dropping resistors, 125 
Series-aiding coils, 610 
Series-aiding voltages, 123-124 
Series-opposing coils, 610 
Series-opposing voltages, 123-124 
Series-parallel circuits, 178—207 
with AC resistance, 472-473 
current meters in, 258 
with random unknowns, 185-188 
reactance and resistance in, 723—724 
resistances in, 180-185 
troubleshooting, 192-197 
Series-parallel connections (in batteries), 
377-378 
Service-entrance panel, 482 
Shells, 27-28 
Shielding, 409, 606-607 
Shock, electric, 99-100 
Short circuits, 42, 100-101 
in capacitors, 521, 522 
and inductors, 616 
and Norton’s theorem, 309-310 
and op amps, 1113 
in parallel circuits, 160-165 
RC, 688-689 
in series circuits, 131-132 
in series-parallel circuit, 192 
Short time constant, 692-693 
Shorted out (term), 162 
Shunt resistors, 242—244 
Siemens, Ernst von, 39 
Siemens (S) unit, 39, 51, 103, 1150 
Silicon, 26, 346, 886-887 
Silicon-controlled rectifiers (SCRs), 1082-1087 
Silver, 344, 346, 365 
Silver oxide cell, 368 
Sine waves 
and alternating current, 457-458 
and alternating voltage, 456—461 
and capacitive reactance, 543-547, 558-559 
and cosine waves, 467—468 
DC value of, 812 
for inductive circuits, 652—653 
and inductive reactance, 637—641 
and nonsinusoidal waveforms, 473—475 
phase angle of, 467-469 
voltage change of, 544 
Single-pole, double-throw (SPDT) switches, 
340, 437-438 
Single-pole, single-throw (SPST) switches, 340 
Sinusoidal waves (sinusoids), 456, 468. See also 
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Skin effect, 662 
Skirts (of resonance curve), 791 
Slew rate (of op amps), 1111 
Slew-rate distortion, 1107 
Slide switches, 340-341 
Slip rings (of generators and motors), 479 
Slope (of a line), 89 
Slow-blow fuses, 342 
Slugs, 607, 608 
Small signal (term), 968, 970-974 
Sodium, 349, 350 
Solar cells, 376 
Solar energy, 49-50 
Soldering, 338, 1153-1159 
Soldering irons, 1155, 1157-1158 
Solenoid, 407, 428 

application, 441-442 

valves, 441-442 
Solid wire, 335 
Sonic frequencies, 462-463 
Sound waves, 466 
Source/load configurations, three-phase, 

863-871 
South-seeking pole (of magnets), 398 
Space-wound coils, 614 
Spade lugs, 337 
Spaghetti, 335 
Spark discharge, 351 
SPDT (single-pole, double-throw) switches, 340 
Specific gravity, lead-acid batteries, 371-372 
Specific resistance, 343-346 
Split power supplies, 1065-1066 
Spring-loaded metal hooks, 337 
SPST (single-pole, single-throw) switches, 340 
Square roots, 14-15 
Square waves, 474, 690, 693, 694 
Squaring numbers, 14 
Stand-alone systems, 50 
Standard resistor, 188 
Star connections. See Y networks (Y 
connections) 

Static electricity, 30, 46, 1224 
Stators, 479, 506, 794 
Steady-state value (of circuit), 680 
Steel, 344 
Stop band, 821 
Storage, batteries, 387 
Storage cell, 363. See also Secondary cells 
Straight line (linear) graphs, 89 
Stranded wire, 335 
Stray capacitance, 612-614 
Stray inductance, 612-614 
Strings, resistance, 116, 181-183 
Subshells, 29 
Subtraction, 11-12 
Subtraction, complex numbers, 749 
Sulfuric acid, 370 
Summing amplifiers, 1124—1126 
Supercapacitors, 524 
Superconductivity, 348 
Superposition theorem, 300-301, 305 
Surface condition (for soldering), 1156 
Surface-mount (chip) capacitors, 506 
Surface-mount resistors, 60 
Surge protectors, 71—73 
Susceptance, 758 
Swamped amplifier, 977-978 
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Switches, 339-341 
of digital multimeters, 256-257 
ratings, 339 
relays vs., 439 
schematic symbols for, 1164 
troubleshooting, 352 
types of, 340-341 
Switching mode (of thyristors), 1080 
Switching voltage, 474 
Symmetrical junction field effect transistors, 
1010 
Systéme International (SI) units, 401 
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T networks, 316. See also Y networks 
(Y connections) 
Tail current, 1100 
Tamperresistant (TR), 482 
Tangent, 562, 656 
Tank circuit, 781 
Tantalum capacitors, 509, 514 
Tape recording, 407 
Tapers (of resistance controls), 65 
Tektronix oscilloscope, 1208, 1212, 1213, 1214 
Television antenna filter, 841 
Temperature coefficients, 60, 346-348, 507 
Tera- (prefix), 8, 16, 1151 
Terminal strips, 337 
Tesla, Nikola, 403, 404 
Tesla (T) unit, 402—404 
Testing 
batteries, 381, 387 
continuity, 259-260, 352 
fuses, 259, 343 
Thermal linkage, 1156 
Thermal mass, relative, 1155, 1156 
Thermal type, deflection, 726 
Thermally generated electron-hole pairs, 
886-887 
Thermistors, 60, 65 
Thevenin, M. L., 301 
Thevenin’s theorem, 301—304, 310-312 
Three-phase AC power, 480—481 
Three-phase AC power systems, 852-875 
delta (A)-connected three-phase generator, 
860-863 
generators, 854-855 
three-phase power calculations, 871-875 
three-phase source/load configurations, 
863-871 
wye (Y)-connected three-phase generator, 
855-859 
Three-phase source/load configurations, 863-871 
Three-wire power lines, 476-477 
Threshold points (for comparators), 1136 
Threshold voltage, 1033 
Throws (of switches), 340 
Thyristors, 1080-1092 
diacs, 1082 
schematic symbols, 1166 
silicon-controlled rectifiers, 1082—1087 
triacs, 1087—1089 
unijunction transistors, 1090-1092 
Tight coupling, 59 
Time 
measuring, 1174-1179 
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and phase angle/frequency, 470 
units of, 463 
Time base wave, 474 
Time constants, 678—700 
advanced analysis of, 695—698 
L/R, 680-682 
precision peak detectors, 1138 
RC, 684-687 
and reactance, 698—700 
and resistance, 680 
for RL circuits, 682—683 
Time rate of cutting, 435 
Time standards (for frequency), 476 
Toggle switches, 340-341 
Tolerance, 62, 507 
Toroid magnets, 406 
Torque, 431 
Total-current method (for resistance), 155 
TR (tamper-resistant), 482 
TR (tuning ratio), 794 
Transconductance, 1022-1023 
Transconductance curve, 1013—1014 
Transformer coupling, 813-814 
Transformers, 476, 593-602 
alternating current in, 452 
and impedance, 602-603 
isolation, 617-618 
radio frequency (RF), 409 
ratings of, 599-602 
schematic symbols for, 1163 
Transient response (of circuits), 585, 680 
Transistor amplifiers, 966-997 
and AC resistance of diodes, 968—970 
common-base, 991—997 
common-emitter, 970-981 
Transistors. See also Bipolar junction transistors 
currents in, 936-940 
npn, 934-935 
power dissipation, 1053-1054 
schematic symbols for, 935, 1165-1166 
uses, 932 
Treble, 462 
Triacs, 1087-1089 
Trimmer capacitors, 506 
Troubleshooting 
capacitors, 521-523 
challenge, voltage measurements for, 207 
circuits, 100-101 
coils, 615 
conductors, 352 
defined, 128 
parallel circuits, 160-165 
relays, 439 
resistors, 69—70 
series circuits, 128—132 
series-parallel circuits, 192-197 
Tungsten, 40, 344, 346 
Tuning, 772, 793-795 
Tuning ratio (TR), 794 
Turbines, wind, 50 
Turns ratio (for transformers), 594 
Twin-lead wire, 336 
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UJTs (unijunction transistors), 1090-1092 
Ultrasonic frequencies, 462—463 
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ltrasonic waves, 466 

nderwriters Laboratory (UL), 72 

nijunction transistors (UJTs), 1090-1092 
nity gain amplifiers, 1120-1121 

niversal motors, 479 

niversal time constant graph, 695 

niversal winding, 614 

pper threshold point (for comparators), 1136 
tility grid, 50 

tility-scale, 50 
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Valence electrons, 28-29, 886 
Valence ring, 886 
Valence shell, 28 
VAR (volt-ampere reactive), 726 
Variable capacitors, 506 
Variable resistors, 65—66 
Variacs, 608—609 
Variometer, 608 
Varistors, 60, 71-73 
VDR. See Voltage divider rule (VDR) 
Vectors, 468 
Volt (V) unit, 8, 33-34, 51, 86, 103, 207, 1150 
Volta, Alessandro, 34 
Voltage. See also Alternating voltage; Applied 
voltage 
in AC circuits, 471 
AC vs. DC, 45 
across load resistance, 385 
of batteries, 360 
of bipolar junction transistors, 941—942 
and branch current method, 284 
breakdown and forward, 892, 944-945 
bucking, 589 
and capacitance, 500, 517, 687 
and capacitive coupling, 815-816 
capacitor, 689, 695 
in circuits, 41-42 
for comparators, 1135-1136 
and current, 258, 1133-1134 
ys. current, 41 
of diacs, 1082 
differential input, 1108 
dropout, 438 
effective, 811 
and electric shock, 99—100 
forward breakover, 1084 
Hall, 409, 410 
hysterisis, 1136-1137 
in inductive circuits, 652-653, 666-667 
input, 1108, 1138 
Kirchhoff’s laws for, 119-121, 278-281 
line, 854 
and loading effect, 249-250 
measuring, 47—48, 126-128, 207, 235, 255, 
1174-1179 
node-voltage analysis, 278-286 
and Ohm’s law, 84-85, 88—90 
and open circuits, 259 
in parallel circuits, 148 
phase, 854 
phasor triangle for, 560-561, 654-655 
pickup, 438 
ramp, 44 
in RC circuits, 689-691 
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reference, 1135-1136 
resistor, 690 
resonance and, 777-778 
in RL circuits, 682-683 
saturation, 1109-1110 
self-induced, 588-589 
in series circuits, 118-119, 123-124 
series-aiding and -opposing, 123-124 
and superposition theorem, 300-301 
switching, 474 
and Thevenin’s theorem, 301, 302, 311 
threshold, 1033 
in unijunction transistors, 1089 
Voltage divider bias, 952-956, 1019-1020 
Voltage divider rule (VDR), 216 
Voltage dividers 
AC and DC, 569-570 
and capacitive circuits, 569-570 
defined, 214 
design values for, 226 
loaded, 214, 225-226 
series, 216-220 
superposition theorem for, 300-301 
and Thevenin’s theorem, 305 
and voltages with respect to ground, 
126-127 
Voltage drops 
in AC circuits, 715, 716, 719 
calculating voltage with, 217 
in conductors, 332 
contact, 438 
load current, 380-381 
in mesh current method, 287—288 
in node-voltage analysis, 286 
in series circuits, 118-119, 719 
in series-parallel circuits, 182, 185, 186, 
187, 472 
Voltage followers, 1120-1121 
Voltage gains 
closed-loop, 1115, 1122 
common-mode, 1104-1105 
differential, 1103 
open-loop, 1108-1110 
in transistor amplifiers, 973, 974-979, 
984-985, 993 
Voltage polarity, 121-122 
Voltage protection, 72 
Voltage ratings 
for bipolar junction transistors, 944—945 
of capacitors, 507 
contact, 438 
of fuses, 341, 343 
maximum working, 98-99 
peak reverse, 1083 
of transformers, 599-602 
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Voltage ratio (for transformers), 594-595 
Voltage sources 

and current sources, 312-314 

inverted, 128 

and Norton’s theorem, 307 

schematic symbols for, 1161 

in series, 125, 313-314 

and Thevenin’s theorem, 304—305 
Voltage taps, 217-219 
Voltage-to-current converters, 1133-1134 
Voltaic cells 

current, resistance, and voltage of, 

364-365 

lead-acid cell, 34, 370-373 

parallel-connected, 376-377 

primary, 362, 366-369 

primary cells, 362, 366-369 

secondary, 362-363, 373-376 

secondary cells, 362-363, 370-376 

series connections, 376 

series-parallel connections, 377—378 
Volt-ampere characteristic, 89 

curve, 891-894, 918 
Volt-ampere reactive (VAR), 726 
Volt-ampere (VA) unit, 601-602, 726 
Voltmeter loading, 238 
Voltmeters, 245-248 

applications of, 57-259 

loading effect of, 248-250 

resistance, 247 

schematic symbols for, 1165 
Volt-ohm-milliammeter (VOM), 240-242, 

253-254 

vs. DMM, 253 

VOM. See Volt-ohm-milliammeter (VOM) 
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Water, 27, 350, 371 
Watt, James, 90 
Watt (W) unit, 8, 90, 91, 92-93, 103, 1150 
Watt-hours (W-h) unit, 369 
Wattmeters, 727 
Waveforms. See also Sine waves 
for capacitive current, 545-546 
harmonic frequencies of, 475 
of induced voltage, 637-641 
in-phase and out-of-phase, 469, 470 
nonsinusoidal, 473—475, 650, 678 
period of, 463—464 
phase angle of, 467-469 
for RC circuits, 691 
of reactance, 699 
wavelength of, 464-466 
Wavelength (of alternating current), 464-466 
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Wavetrap, 838 
Weber, Wilhelm Eduard, 400, 401 
Weber (Wb) unit, 400—401 
Weighted amplifier, 1125 
Westinghouse, George, 404 
Wet cells. See Lead-acid cells 
Wetting (for soldering), 1154-1155 
Wheatstone bridge, 188-191 
Wind energy, 50 
Winding, 479, 614, 616 
Wire cables, 336 
Wire conductors, 333-336 
continuity of, 259-260 
current and resistance in, 330 
gage sizes of, 333-334 
magnetic fields around, 426 
motor action of, 430-431 
troubleshooting, 352 
Wire gage, 333-334 
sizes, application, 353-354 
Wire-wound resistance, 39 
Wire-wound resistors, 58—59, 63, 68 
Wiring, residential, 148, 334, 335, 342-343, 
476-477 
Work, 92-93 
Working voltage rating, 98—99 
Workpiece indicator (WPI), 1157 
WPI (workpiece indicator), 1157 
Wye (Y)-connected three-phase generator, 
855-859 


X axis, 88 


Y axis, 88 

Y networks (Y connections), 316-320, 
480, 481 

Y-Y configuration, 864-866, 872 

Y-A configuration, 866-867, 872 
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Zener current, 918 

Zener diode, 916, 918—922 

Zero bias, 1035 

Zero gate voltage, 1030-1032 
Zero-crossing detectors, 1135 

Zero-ohm resistors, 63—64 

Zero-ohms adjustment (for ohmmeters), 252 
Zero-power resistance, 65 

Zinc, 365 

Zinc chloride cells, 367—368 
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